
THE CONNECTIVITY FINGERPRINTS
OF THE FRONTAL EYE FIELD AND

THE INFERIOR FRONTAL JUNCTION

MARCO BEDINI

Supervisor: Prof. Daniel Baldauf

Reviewers: Prof. David Osher, The Ohio State University
Prof. Paul Muhle-Karbe, University of Birmingham

A dissertation presented to
the Doctoral program of

the Center for Mind/Brain Sciences
in partial fulfillment of the

requirements for the degree of
Doctor of Philosophy

2022-2023



___________________________________________________________________________

© 2023

Marco Bedini

All rights reserved

2



___________________________________________________________________________

3



___________________________________________________________________________

INDEX___________________________________________________________________________

ABSTRACT 8

1 INTRODUCTION 10

1.1 The prefrontal cortex 11
1.2 Function of the prefrontal cortex 12
1.3 Gradients in the prefrontal cortex 14
1.4 The posterior-lateral prefrontal cortex in macaques and humans 16

2 STRUCTURE, FUNCTION AND CONNECTIVITY
FINGERPRINTS OF THE FRONTAL EYE FIELD
AND THE INFERIOR FRONTAL JUNCTION 19

2.1 Introduction 20
2.1.1 History and definition 22

2.2 Structure 24
2.2.1 Cytoarchitecture, chemoarchitecture

and receptorarchitecture 24
2.2.2 Localization and relation to sulcal morphology 25

2.3 Function 27
2.3.1 Sensory domains (modal vs. supra-modal coding) and

topographic organization 28
2.3.2 Top-down versus bottom-up spatial attention 29
2.3.3 Spatial versus non-spatial attention and spatial versus

object working memory 34
2.3.4 Multiple-demand system (inclusion in the

multiple-demand system) 44
2.4 Connectivity fingerprints 46

2.4.1 Structural connectivity 46
2.4.2 Resting-state functional connectivity 50
2.4.3 Meta-analytic connectivity modelling 52

2.5 General discussion and future directions 53

3 ACCURATE LOCALIZATION AND COACTIVATION PROFILES
OF THE FRONTAL EYE FIELD AND INFERIOR FRONTAL
JUNCTION: AN ALE AND MACM fMRI META-ANALYSIS 66

3.1 Introduction 67
3.2 Materials and methods 70

3.2.1 Activation likelihood estimation fMRI meta-analysis method 70

4



___________________________________________________________________________

3.2.2 Study selection criteria 72
3.2.3 FEF sample inclusion criteria 73
3.2.4 IFJ sample inclusion criteria 75
3.2.5 Activation likelihood estimation procedure 76
3.2.6 Comparison method of the ALE clusters and peaks with

previous coordinate-based meta-analyses, relationship to
macro-anatomical information and the MMP1 76

3.2.7 Meta-analytic connectivity modeling method 77
3.2.8 Data availability 79

3.3 Results 79
3.3.1 FEF and IFJ localizer samples ALE main clusters 79
3.3.2 FEF localizer sample ALE results - FEF lateral peak

and other significant clusters 81
3.3.3 IFJ localizer sample ALE results - Other significant clusters 82
3.3.4 Spatial relationship of the main FEF and IFJ clusters and ALE

peaks with previous coordinate-based meta-analyses,
macro-anatomical information and the MMP1 83

3.3.5 Meta-analytic connectivity modeling results 85
3.4 Discussion 86
3.5 Conclusion 91

3.6 Supplementary Information 93
3.6.1 ALE control and contrast analyses method 99
3.6.2 ALE control and contrast analyses - FEF sample 99
3.6.3 ALE contrast analyses - IFJ sample 100
3.6.4 ALE control analyses results 106
3.6.5 ALE control and contrast analyses - FEF sample results 107
3.6.6 ALE contrast analyses - IFJ sample results 112
3.6.7 MACM contrast analysis results 113
3.6.8 MACM decoding results 113
3.6.9 Limitations 115

4 SURFACE-BASED PROBABILISTIC TRACTOGRAPHY UNCOVERS
SEGREGATED WHITE MATTER PATHWAYS UNDERLYING
SPATIAL VS NON-SPATIAL CONTROL 118

4.1 Introduction 119
4.2 Materials and methods 123

4.2.1 Subjects and data sources 123
4.2.2 Localization of the FEF and IFJ seed regions 123
4.2.3 Probabilistic tractography method 124
4.2.4 Seeding approach and method 125
4.2.5 Cortical parcellation and definition of the target regions

5



___________________________________________________________________________

of the two visual streams 126
4.2.6 Surface-based probabilistic tractography with GPU acceleration 128
4.2.7 Post-processing, statistical analyses and data visualization 130
4.2.8 Automatic segmentation of the association white matter bundles

of the frontal lobe, analysis of bundles’ asymmetries and of the
cortical projections of the SLF 131

4.2.9 Data availability 132
4.3 Results 132

4.3.1 Surface-based probabilistic tractography results 132
4.3.2 Results of the analysis of bundle lateralization and relationship

between the FEF and IFJ ALE clusters and the cortical
projections of the three branches of the SLF 138

4.4 Discussion 139

5 GENERAL DISCUSSION 148

5.1 Summary of the findings 149
5.2 Implications for understanding the organization of

the prefrontal cortex 150
5.3 The role of the white matter in large-scale brain networks 151
5.4 Future directions 153

APPENDIX 157

A Studies included in the ALE meta-analysis 157
B Think Open initiative 160

ACKNOWLEDGEMENTS 163

BIBLIOGRAPHY 166

6



___________________________________________________________________________

7



___________________________________________________________________________

ABSTRACT

Within the prefrontal cortex, the frontal eye field (FEF) and the inferior frontal
junction (IFJ) are crucial regions that mediate attention, working memory, and cognitive
control functions. I comprehensively reviewed the neuroimaging evidence on these regions,
suggesting that they are specialized in the control of spatial versus non-spatial visual
processing, respectively, and hypothesized that their connectivity fingerprints might underlie
these roles.

To accurately infer the localization of these regions in standard space, I carried out an
activation likelihood estimation (ALE) fMRI meta-analysis using tasks that reliably engage
these regions. Prosaccade and antisaccade tasks were included in the FEF sample, whereas
oddball/attention, n-back, Stroop and task-switching experiments were included in the IFJ
sample (n = 35 and 32, respectively). The ALE technique revealed the strongest convergence
of activations at the junctions of the superior precentral sulcus and superior frontal sulcus for
the FEF, and the inferior precentral sulcus and inferior frontal sulcus for the IFJ. I employed
the resulting ALE peaks to perform a meta-analytic connectivity modeling analysis to
uncover their whole-brain fMRI coactivations and decoded these patterns to infer significant
associations with behavioral domains.

The ALE peaks from a subsample of the previous meta-analysis were used to analyze
3T diffusion MRI data released by the Human Connectome Project from 56 unrelated
subjects. Using a surface-based probabilistic tractography approach, I tracked streamlines
ipsilaterally from the FEF and IFJ to regions of the dorsal and ventral visual streams on the
native white matter surface parcellated using the atlas by Glasser et al. (2016). By contrasting
their connectivity likelihood, I found predominant structural connectivity from FEF to
regions of the dorsal visual stream (particularly in the left hemisphere) compared to the IFJ,
and conversely, predominant structural connectivity from the IFJ to regions of the ventral
visual stream compared to the FEF. These results were replicated when accounting for the
distance between FEF, IFJ, and the target regions.

The connectivity fingerprints of the FEF and IFJ provide converging evidence of their
specialization in the control of spatial vs non-spatial processing, which is mediated by
long-range white matter association pathways. The results presented in this dissertation
overall support the view that the two-visual stream architecture extends to the human
prefrontal cortex, as was originally hypothesized in the macaque based on tract tracing and
neurophysiological evidence.
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1.1 | THE PREFRONTAL CORTEX

Of the four lobes of the human cerebral cortex, the frontal lobe is likely the least
understood. From an anatomical point of view, it includes all the regions anterior to the
central sulcus and the lateral sulcus. We can distinguish two parts of the frontal lobe, namely
the skeletomotor area and the prefrontal cortex (PFC; Donahue et al., 2018; McLaughlin &
Malloy, 2018). The PFC is in turn divided into a lateral, medial and orbital portion
(McLaughlin & Malloy, 2018). While the term PFC was coined and already used by
neuroscience pioneers of the XIX century such as David Ferrier (Ferrier & Yeo, 1884), the
first influential definition of the PFC was proposed by Brodmann (1909) based on
cytoarchitectonic criteria. According to Brodmann’s definition, the PFC includes all the areas
of the frontal cortex that are characterized by a well-developed layer IV (referred to as
granular or eulaminate cortex; McLaughlin & Malloy, 2018). Layer IV is typically considered
an input layer that receives feedforward connections, and it is primarily composed of stellate
cells and, to a lesser extent, of pyramidal cells. Brodmann’s definition largely contributed to
framing the debate on whether non-human primates and other mammals possess a PFC
(Carlén, 2017; Preuss & Wise, 2022). As most mammals do not have a frontal granular
cortex, this criterion seemed to exclude this possibility. Following this influential definition,
the second one that came to perhaps implicitly dominate the field for the past 70 years was
proposed by Rose and Woolsey (1948; Carlén, 2017). They observed that the frontal lobe is
the only part of the cortex that receives projections from the mediodorsal nucleus of the
thalamus. This nucleus appears to be essential for learning, decision-making, and executive
functions (Mitchell, 2015). In the monkey, these thalamic projections are broadly segregated
based on the three sectors of this nucleus: the parvocellular sector projects to the orbital
portion of the frontal cortex, the magnocellular sector to the lateral frontal cortex, and the
multiform sector to the posterior lateral frontal cortex near the arcuate sulcus (McLaughlin &
Malloy, 2018; see Mitchell, 2015, for a finer distinction and wiring diagrams).

Since other mammals also had areas receiving these kinds of thalamic projections,
this definition effectively opened up the field for cross-species investigation of the PFC, and
prefrontal areas were identified in the macaque, rats, and in mice (Carlén, 2017). Clearly,
however, there was more to this picture, as the mediodorsal thalamus did not project
exclusively to the PFC, and other thalamic structures did so too, so this criterion should be
regarded at best as a useful approximation. At present, not only does the field currently lack a
widely accepted definition of the PFC, but the interest in identifying homologies in regions of
the PFC adds further complexity to this question. This debate has in fact recently been
sparked again by the possibility of investigating the PFC in animal models that are
investigated using recently developed cutting-edge genetic techniques (Carlén, 2017).

I will come back to the important question of homologies between species in the
following chapter of this dissertation, but I will for now leave aside comparative issues to
focus on the human PFC. As definitions tend to stick, Brodmann’s influential idea of the PFC
as the granular frontal cortex was directly imported into the emerging neuroimaging
techniques by being incorporated in the first stereotaxic atlas by Talairach and Turnoux
(1988; Petrides, 2005). A careful examination of the cytoarchitecture of the lateral PFC
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however revealed that layer IV is not equally present across the PFC, but that instead, some
regions (especially in the posterior aspect) lack a well-developed layer IV, hence being
referred to as dysgranular (Petrides & Pandya, 1999, 2002). These correspond to the premotor
and motor areas of the PFC. Hence, it is tempting to adopt a simple negative definition of the
PFC as every part of the cortex excluding premotor and motor areas (Chafee & Heilbronner,
2022). The transition from dysgranular to granular organization however emerges gradually
and is smooth rather than constituting a sharp boundary (Geyer, 2004). While these
considerations on the architecture and connectivity of the PFC are certainly important, a
definition of the exact boundaries of the PFC will likely require the development of
appropriate quantitative methods to measure and interpret the structural properties of the
cortex by combining multiple imaging modalities (see for example Donahue et al., 2018 for a
recent morphometric comparative analysis). For the scope of the present dissertation, these
highlight two important factors to consider for a useful working definition of the PFC. First,
cytoarchitecture seems an important guiding criterion that however ultimately needs to be
coupled with function, consistent with the evidence that the PFC is ultimately responsible for
the control of goal-driven behaviors that do not depend on present sensory stimulation
(Fuster, 2001; Goldman-Rakic, 1996). Second, the connectional criterion (with the
dorsomedial thalamus; Rose & Woolsey, 1948) suggests that the PFC (and its regions) may
be best defined based on its broader intrinsic and extrinsic connectivity patterns (Fuster,
2001). I will expand on these two points in the following sections.

1.2 | FUNCTION OF THE PREFRONTAL CORTEX

In contemporary cognitive neuroscience, the functions thought to be mediated by the
PFC are a growing number and haven’t been yet summarized in a unitary framework
(Szczepanski & Knight, 2014). In the clinical literature, they are tentatively grouped under
the umbrella term of executive functions, which include voluntary attention, working
memory, motivation, language production, planning, decision-making, inhibition, shifting and
updating the task set, and others (Chafee & Heilbronner, 2022; reviewed in Szczepanski &
Knight, 2014). Early brain lesions and stimulation studies were instrumental in advancing the
notion that a localizationist approach can be fruitfully applied to study the PFC but were
primarily limited by the fact that the extent and anatomical specificity of the lesions couldn’t
be easily controlled and determined (Luria, 1966; Szczepanski & Knight, 2014). This led
many prominent researchers that carried out experimental ablations removing large portions
of the frontal lobe to somewhat prematurely draw the conclusion that this lobe was
cognitively silent (Szczepanski & Knight, 2014). In part due to the inconclusive nature of
these previous results, much of the PFC was and in part still remains terra incognita
(Casanova & Opris, 2015).

The most crucial breakthroughs in our understanding of the PFC can be traced back to
the 1970-1980s when two prominent scientists started their respective investigations (Chafee
& Heilbronner, 2022). Fuster and Alexander (1971) recorded single-unit responses in the
principal sulcus of the macaque in a delayed match to sample task, showing evidence of
sustained responses during the delay period in these neural populations. By bridging the
duration between the presentation of the cue and the response period, the activity of these
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prefrontal neurons provided a first elegant demonstration of a potential neural correlate of
working memory processes (Fuster, 2001). In a later series of studies, Patricia
Goldman-Rakic and colleagues showed that this activity was related to the type of
information stored in working memory (e.g., the spatial location of a remembered item;
Funahashi et al., 1989; reviewed in Goldman-Rakic, 1996). These ideas have proven to be
extremely influential in the inception of neuroimaging methods, particularly in early positron
emission tomography (PET) and functional magnetic resonance imaging (fMRI) studies.
Abundant evidence has now accumulated on the role of specific regions in sustained activity
in the delay period in top-down attention and working memory paradigms (Corbetta &
Shulman, 2002; Curtis & Sprague, 2019; Serences, 2016). In particular, fMRI studies showed
that activity in several regions of the lateral PFC remains elevated throughout the delay
period (Sreenivasan et al. 2014; Wager & Smith, 2003). Moreover, it became possible to
decode if there is information carried by these activation patterns using multivariate pattern
analysis (MVPA; for reviews see Haynes & Rees, 2005; Christophel et al. 2017; Curtis &
Sprague, 2019). Although this evidence suggests that these regions are implicated in working
memory processes, it remains to be elucidated how these regions interact with each other and
the specific mechanisms that they mediate. In the lateral PFC, the same set of regions may be
activated across different tasks. That seems to go against a strict modular interpretation where
each region performs a specialized role. This evidence was at the foundation of the multiple
demand hypothesis (Duncan, 2010) which posits that prefrontal regions can mediate
goal-driven behavior in a domain-general fashion.

Without delving deeper into the debate between modular and domain-general views
on the PFC, I would like to draw some implications from the points discussed in this section.
First of all, it is clearly challenging to assign cognitive processes that share a significant
degree of overlap to specific regions of the PFC. For instance, attention and working memory
both require the active maintenance of representations to influence subsequent behavior and
have thus been suggested to rely on shared neural substrates, including multiple PFC regions
(Chun et al., 2011; Gazzaley & Nobre, 2012; van Ede & Nobre, 2023). A similar line of
reasoning may arguably apply to several other functions that are referred to as executive and
exemplifies the more general problems of relating psychological constructs to the underlying
neural correlates (Poldrack, 2006; Turner, 2016), and of testing models of cognition using
neuroimaging data (Coltheart, 2006). Overall, this context poses a significant challenge when
trying to understand the organization of the PFC and its functional specialization. Even in the
case of areas that are thought to be highly specialized, such as, taking a famous example,
Broca’s area, referring to it as a center crucial for language production would only capture
part of its role (Friederici, 2011). Its functions are furthermore dependent on the connections
between this area and the rest of the language network, hence these cannot be strictly
speaking localized within Broca’s area alone (de Schotten & Forkel, 2022).

Instead of labeling each PFC region using psychological terminology (which as in the
example above would come with a rather strong assumption of modularity), Passingham and
Lau (2022) suggested reframing the problem and taking a more fruitful path by first looking
at each subdivision of the PFC and trying to understand its function by carefully examining
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its connections. It is in fact the set of inputs and outputs that each region possesses that
ultimately constrain the kind of processes that it is able to perform (Passingham et al., 2002).
I would like to suggest that this proposal presents several great advantages. First of all, the
PFC is one of the most densely interconnected parts of the human brain (Barrett et al., 2020),
and there is already robust evidence of the fact that each region possesses a distinctive pattern
of connectivity, both intrinsically and with the rest of the brain (Croxson et al., 2005).
Secondly, our arguably greater understanding of sensory function (particularly vision) in the
brain can constrain our models of the kind of control processes mediated by PFC regions
based on its communication with posterior regions. Finally, this proposal effectively
circumvents any strict form of localizationism in favor of the view that, although each region
of the PFC may be specialized for some function, it doesn’t work in isolation, but needs to
communicate with other regions to integrate information and guide behavior (Fuster, 2001).
Understanding the function of the PFC from a network perspective (Menon & D’Esposito,
2022) opens up the possibility of applying new computational techniques that have recently
emerged from the field of brain connectomics (Haber et al., 2022; Sporns et al., 2005; Van
Essen et al., 2013). A caveat to this approach is that while it can improve our understanding
of general principles of communication of the PFC with other systems, it needs to be
complemented by advances in cognitive and computational models of the functions
investigated. As an example, suppose that researchers are interested in understanding the
neural mechanisms of visual attention using a normalization model (Maunsell 2015) with
feedback components. In this scenario, they may start looking for the sources of these
feedback signals that affect processing in visual areas in higher regions in the hierarchy. If for
instance area x in the PFC doesn’t have connections (either direct or indirect) with the visual
area where attentional modulations are measured, then it would become an unlikely candidate
to implement the feedback components under the model in its simplest form. I would now
like to introduce some of the theories proposed to describe how the PFC is organized from a
more general point of view to further clarify how the connectivity aspect may play into this
organization.

1.3 | GRADIENTS IN THE PREFRONTAL CORTEX

The organization of the PFC has been mainly described by principles that follow the
three topological axes: a rostro-caudal, a dorso-ventral and a medial-lateral (Badre &
D’Esposito, 2009; O’Reilly, 2010). These axes delineate overlapping gradients that span the
entire PFC. I will review each gradient separately below. Although these organizational
principles are quite broad, they have been able to accommodate various sources of evidence
from neuroimaging studies. The rostro-caudal axis delineates a gradient along which each
region encodes information at different levels of abstraction (Koechlin et al., 2003). More
specifically, it posits a hierarchy in information processing from sensory (in caudal regions)
to progressively more abstract coding (in rostral ones). This hypothesis has mainly received
support from fMRI studies performing effective connectivity analyses (Nee & D’Esposito,
2016), which refers to a family of techniques that allow the modeling of causal interactions
between brain regions. To date, it still remains to be elucidated whether the abstraction level
can be defined based on temporal proximity (i.e., responses dependent on environmental cues
are less abstract when closer in time) or relational complexity (i.e., the number of features
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that need to be integrated to respond; Nee et al., 2014). Previous studies that manipulated
these variables showed that they altered the ensuing gradient in a task-dependent way and
related to different anatomical subdivisions of the PFC, leading to the suggestion that this
gradient should not be conceptualized as unidimensional (Badre & Nee 2018).

A second crucial axis is the dorso-ventral, which is the primary focus of this
dissertation, relating to the distinction between the ‘what’ and ‘where’ (or ‘how’; Goodale &
Milner, 1992) visual streams. One of the core foundations of the neuroscience of vision is the
theory that, similar to the non-human primate visual system (Mishkin et al., 1983; Kravitz et
al., 2011, 2013), the human brain processes visual information along two segregated visual
streams, a dorsal and ventral one (Goodale & Milner, 1992). In the dorsal stream, areas are
specialized to process spatial information that governs the execution of specific actions (i.e,
eye movements, reaching and grasping), and possess a topographic visual organization
(Kravitz et al., 2011; Wang et al., 2015). In the ventral stream instead, the recurrent
processing that enables object recognition takes place (Kravitz et al., 2013). While this theory
underwent some adaptations during the past 30 years, for example highlighting the
interactions and crosstalk between these two pathways at various levels of the visual
processing hierarchy (Cloutman, 2013; de Haan et al., 2018), it remains a fundamental pillar
in visual neuroscience. In working within such a framework, it started to become apparent to
researchers using invasive recordings that the macaque PFC was organized along similar
principles. This led Goldman-Rakic and others to posit that the dual visual stream
architecture extended to the PFC (Goldman-Rakic, 1996; Romanski, 2004; Wilson et al.,
1993), a hypothesis which is supported by decades of tract-tracing (Kravitz et al., 2013;
Yeterian et al., 2012) and mounting neurophysiological evidence in the macaque
(Constantinidis & Qi, 2018; Martinez-Trujillo, 2022). Importantly, this hypothesis also
received support from the human neuroimaging literature (O’Reilly, 2010) showing that it
can be applied to effectively understand the function of posterior-lateral PFC areas (Chan,
2013). Finally, along the medio-lateral axis, we find a gradient that goes from areas that
respond to emotional/motivational (‘hot’) factors to lateral areas that mediate purely sensory
and cognitive (‘cold’) processes (O’Reilly, 2010). More concretely, medial areas tend to be
involved in contexts of decision-making under uncertainty, where significant gains or losses
can be expected, such as in the Iowa gambling task widely used in the neuropsychological
literature (Brevers et al. 2013). It is important to underline that these organizational principles
intersect with each other (Nee & D’Esposito, 2016; O’Reilly, 2010) and that we can therefore
start to already infer the role of each PFC region based on its position along these three
gradients. Even though this offers only an overview of PFC function, which leaves us with
the need to specify more detailed coordinates for functional specialization, this helps to break
down the problem of attentional and cognitive control (the ‘homunculus’ problem; Nobre,
2001; Passingham & Lau, 2022) in progressively smaller chunks that can be tackled
experimentally. From this perspective, regions of posterior-lateral PFC should process
information encoded in a format that is still likely a sensory one (i.e., visual), although it can
be flexibly adjusted to a more abstract one, and perform complex cognitive processes close to
the motor output in the cognitive processing cascade. The dorsal aspect of the
posterior-lateral PFC mediates the processing of spatial information and action control, and
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its ventral aspect mediates the processing of information related to object identity and task
rules (Passingham & Lau, 2022). I discuss these aspects in the following section by drawing
on comparative and human neuroimaging evidence.

1.4 | THE POSTERIOR-LATERAL PREFRONTAL CORTEX IN MACAQUES AND
HUMANS

Invasive recordings allowed researchers to access a wealth of information about the
function of the posterior-lateral PFC in the macaque (Martinez-Trujillo, 2022). This part of
the PFC, localized near and anterior to the arcuate sulcus, is crucial for selecting relevant
stimuli in the environment, oculomotor control and maintaining information in an active state
to guide behavior (Schall, 2015). The mechanisms of visual selection have been extensively
characterized at the behavioral and neural level (Carrasco, 2011; Desimone & Duncan, 1995;
Kastner & Ungerleider, 2001; Moore & Zirnzak, 2017) and several computational models
have been put forward (Heinzle et al., 2007; Itti & Koch, 2001; Maunsell, 2015). This
combination of detailed information about behavioral outcomes, cognitive mechanisms,
computational modeling and neural activity gives us a unique window into how the PFC
exerts top-down control and may be used as a model in studying other functions of this
structure of the brain. As a representative seminal study, Moore and Armstrong (2003)
recorded from the frontal eye field (FEF), a region localized in the arcuate sulcus of the
macaque (Schall, 2015), while the animals were fixating and oriented bars were presented. It
is well established that when the animals attend a target that is in their receptive field (RF),
these neurons will increase their firing rates (Maunsell, 2015). When the authors applied
microstimulation on the FEF and recorded single-neuron activity in area V4, the activity
increased in V4 RFs corresponding to the stimulated location within FEF. The effects of this
stimulation mimicked the increase in the firing rate observed in covert attention tasks.
Importantly, these increases were observed regardless of the fact that the stimulus was
behaviorally relevant and critically depended on the direction of the saccade encoded by the
FEF neurons (Moore & Armstrong, 2003). These results elegantly bridge the behavioral and
neural levels by using the direct causal manipulation of brain activity, and together with
subsequent studies provide an excellent working model of how top-down attention is
implemented in the macaque PFC (reviewed in Moore & Zirnzak, 2017).

In contrast to these invasive approaches, neuroimaging methods are due to their
non-invasive nature only equipped to measure the combined activity of several thousands of
neurons, directly or indirectly, and with different degrees of spatial and temporal resolution
(Gross, 2019). While these methods enabled measuring ongoing neural activity in humans at
the whole-brain level, their ability to provide insights into the mechanisms of higher
cognitive functions and the way they map onto specific structures of the PFC has been
limited by several factors. For the purposes of this dissertation, the most critical ones are the
low sample size used in previous studies (Button et al., 2013), the large interindividual
variability that characterizes the PFC (Juch et al., 2005), which complicates establishing
adequate anatomical specificity, and finally, questions regarding the reproducibility of the
results particularly in fMRI research (Botvinik-Nezer et al., 2020; Eklund et al., 2016).
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Countering these limitations is the fact that we now have access to a wealth of neuroimaging
data, which can be leveraged to perform systematic quantitative meta-analyses (Fox et al.,
2014) or used to carry out analyses in large datasets thanks to the advances in computational
techniques to map the human connectome that originated in the past decade (Van Essen et al.,
2013). Studies combining neuroimaging methods (i.e., diffusion MRI, resting-state fMRI) to
perform macaque-to-human cross-species comparison have once again supported the fact that
the macaque is an excellent animal model to understand the organization and connectivity of
the PFC (Neubert et al., 2014; Sallet et al., 2013). Overall, these innovations led to a greater
understanding of the organization of the PFC and the brain networks it participates in (Cole
& Schneider, 2007; Corbetta & Shulman, 2002; Menon & D’Esposito, 2022). Looking at the
PFC through the lens of these network models can help bridge the gap between a strict
modular interpretation of the function of the PFC and domain-general views (Assem et al.,
2020; Duncan, 2010) by positing the existence of specialized prefrontal regions that, through
flexible communication with posterior regions, achieve efficient performance according to
the stimulus domain and the task demands (Baldauf & Desimone, 2014; Fuster, 2001).

In this dissertation, I aim to show how neuroimaging and computational methods to
infer brain connectivity can allow us to further understand the functional specialization of
two regions of the posterior-lateral PFC. In particular, I will start by comprehensively
reviewing the literature on the structure, function and connectivity of the Frontal Eye Field
(FEF) and the Inferior Frontal Junction (IFJ), suggesting that they may perform
complementary dissociated roles across attention, working memory and cognitive control
functions. In the second chapter, I will present the results of a coordinate-based meta-analysis
that was carried out to accurately infer the localization of these regions in standard space and
overcome some of the limitations of previous meta-analyses. Having localized these regions,
this chapter also examines their coactivation patterns across the whole brain. Finally, in the
third chapter, I will exploit the information provided by diffusion MRI to infer the structural
connectivity of these regions in a large dataset of healthy subjects (Van Essen et al., 2013).
Overall, the results presented in this dissertation support the hypothesis that the functional
specialization of the FEF and IFJ critically depends on their connectivity fingerprints (Osher
et al., 2016; Passingham et al., 2002; Saygin et al., 2012).
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CHAPTER 2___________________________________________________________________________

2.1 | INTRODUCTION

It is remarkable to what extent primates have evolved the cognitive faculties that
allow their behaviour to be guided not only by their immediate surroundings and environment
but also by their future goals and action plans (Fuster, 2001). The successful orchestration of
these goal-driven behaviours requires the adaptive coding of contextual information (Duncan,
2001), and the integration of this information in order to bias processing in other brain areas
(Barceló et al., 2000) and to finally map sensory input into coherent behavioural sequences
(Miller & Cohen, 2001). Our ability to prioritize important sensory information (a function
named selective attention; Carrasco, 2011; Posner, 1980) arguably plays a crucial role in all
the former processes. Visual selection, for example, is thought to be guided top-down by
‘attentional templates’ (Desimone & Duncan, 1995), which can assume highly divergent
representational formats, for example, in the form of spatial as opposed to feature- and
object-based attention (hereafter referred to spatial and non-spatial attention/selection;
Carrasco, 2011; see also Moore & Zirnsak, 2015). In a typical everyday life situation, we may
know how the object we are searching for looks like (e.g., our bicycle), but its current
location (if we forgot where we parked it). Conversely, we often remember an objects’
location, but due to the environmental clutter, we may not recognize it until we focus our
spatial attention there. In both instances, it is the specific ‘attentional template’ that we adopt
to guide our search that boosts the representation of the object’s location, or its identity,
allowing us to select it and move on to our next goal. A fundamental question in cognitive
neuroscience is, therefore, where and how attentional priorities are computed in the primate
brain (Desimone & Duncan, 1995; Itti & Koch, 2001), and how spatial and non-spatial
selective mechanisms interact to enable flexible and efficient goal-driven behaviour
(O’Reilly, 2010; Rao et al., 1997).

The prefrontal cortex (PFC) has long been recognized to be crucially involved in
many aspects of such complex, organized behaviour in non-human and human primates
(Fuster & Alexander, 1971; Luria, 1966; Norman & Shallice, 1986; Rainer et al., 1998). In
the past decades, several investigators, most notably Patricia S. Goldman-Rakic, advanced
the hypothesis that also the PFC can be segregated into functionally distinct domains
(Goldman-Rakic, 1996; Romanski, 2004; Wilson et al., 1993). In particular, what motivated
Goldman-Rakic to posit the domain-specific organization of the PFC was the observation of
substantial differences in the selectivity of neurons (Wilson et al., 1993), as well as their
anatomical connectivity patterns (reviewed in Goldman-Rakic, 1996). Together, these
patterns of selectivity and connectivity suggested that the posterior lateral PFC (plPFC)
contained two segregated regions that belonged to the global dorsal and the ventral visual
streams (Goodale & Milner, 1992; Mishkin et al., 1983), and which predominantly encoded
spatial and object information, respectively (Goldman-Rakic, 1996; Scalaidhe et al., 1997,
1999; Wilson et al., 1993). More recently, this framework was further supported by mounting
evidence in primates (Bichot et al., 2015, 2019; Constantinidis & Qi, 2018; Meyer et al.,
2007, 2011; Riley et al., 2017; Schwedhelm et al., 2020) and was expanded thanks to
neuroimaging methods in humans, in the context of studies focusing on understanding how
the PFC maintains top-down control over visual selection and encodes behaviourally relevant
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stimuli in various experimental tasks (Baldauf & Desimone, 2014; Chan, 2013; O’Reilly,
2010; Serences, 2016).

This review will focus on the organization of the plPFC in humans. In particular, we
will compare in detail two regions that are implicated in visual attention, working memory
and cognitive control, namely, the frontal eye field (FEF) and the inferior frontal junction
(IFJ). We would therefore like to stress that the goal of this paper is not to provide a
systematic review of FEF and IFJ per se, as these are already available elsewhere (the FEF
has been reviewed extensively in Petit & Pouget, 2019; Vernet et al., 2014; the IFJ was
reviewed in Brass et al., 2005). Rather, in the following, our goal will be to highlight the
properties that reveal crucial differences in the structure, function and connectivity of these
two areas and to systematically compare them to uncover their functional specialization. In
the last decade, research has been able to successfully disentangle the specific contribution of
both of these areas to visual attention and working memory through the careful combination
of neuroimaging methods (functional magnetic resonance imaging [fMRI] and
magnetoencephalography [MEG]) with more sophisticated data analysis tools (i.e.,
multivariate pattern analysis [MVPA], Haxby et al., 2001; and functional and effective
connectivity metrics, e.g., Baldauf & Desimone, 2014; Nee & D’Esposito, 2016; Sneve et al.,
2013; Vossel et al., 2012; Wen et al., 2012; Zhang et al., 2018). Therefore, we aim to
understand how the structure, function and connectivity fingerprints of the FEF and the IFJ
constrain and shape their role in these cognitive functions and the underlying brain networks
(Table 1).

According to the classic definition, these three criteria (structure, function and
connectivity) define the concept of a cortical region, along with topographic (i.e.,
somatotopic or retinotopic) organization (Eickhoff, Constable, & Yeo, 2018). However, the
latter is generally deemed less important beyond unimodal sensory cortices (Eickhoff,
Constable, & Yeo, 2018). In contrast to early visual areas, where all these cortical features are
generally well aligned, and inter-individual differences are small, leading to a reliable way to
parcel the underlying brain structures (Abdollahi et al., 2014; Sereno et al., 1995), in the PFC
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studies show that the alignment between cortical features becomes less apparent, and even the
relative spatial arrangement of brain areas can sometimes vary substantially between
individuals (Eickhoff, Yeo, & Genon, 2018). Thus, to understand the modular organization of
the PFC, a multimodal approach capable of combining information about all the most
relevant cortical properties becomes crucial (Glasser et al., 2016; Van Essen et al., 2019).
Another relevant concept in the present context is the idea that the function of a brain region
is heavily constrained by its intrinsic and extrinsic connectivity fingerprints (Passingham et
al., 2002). Indeed, only by describing the connectivity fingerprints of each region, we are able
to fully understand the most relevant aspects of functional specialization of the regions in the
PFC, and in particular, those that are fundamentally underlaid by the differential selectivity of
their neural populations to specific sensory inputs. Together, these two principles will guide
the organization of this review in three main sections: the first, in which we will compare the
structure of FEF and IFJ, the second, in which we will compare the function of FEF and IFJ,
and a final third section, in which we will describe and contrast their connectivity
fingerprints.

1.1 | History and definition

The discovery of a brain area involved in the oculomotor aspects of behaviour in the
monkey dates back to the work of the Scottish neurophysiologist David E. Ferrier in the last
half of the 19th century. He reported that: ‘In the superior frontal convolution, in advance of
the centre, for certain forward movements of the arm, as well as in the corresponding part of
the middle frontal convolution, are areas, stimulation of which causes lateral (crossed)
movements of the head and eyes and dilatation of the pupils’ (Ferrier, 1875; cited in Vernet et
al., 2014). Thus, the way the FEF has been labelled directly reflects its hypothesized
oculomotor function, a fact that may have contributed to obscure the large discrepancy
between the way this region has been traditionally mapped in primates (i.e., by
microstimulation techniques; Bruce et al., 1985) and the way it was localized in early
neuroimaging studies, and consequently ‘translated’ into the human brain’s taxonomic
language (Paus, 1996; Petit & Pouget, 2019). To date, the FEF has been the subject of
hundreds of studies both in monkeys and in humans (reviewed in Petit & Pouget, 2019,
Tehovnik et al., 2000, and Vernet et al., 2014). Despite the considerable efforts of the
neuroscientific community to characterize the FEF, this region’s structure, function and
connectivity in humans are often debated and are not yet fully understood. The IFJ, in
contrast, came under the spotlight of the neuroscientific community only much more recently.
According to Sundermann and Pfleiderer (2012), although this region has been the object of
many neuroimaging studies investigating various components of cognitive control,
task-switching and working memory, researchers have often missed reporting the IFJ as a
segregated brain region. The IFJ was first described with the current label in a series of
influential studies by Brass, Derrfuss, von Cramon and colleagues (Brass & von Cramon,
2002, 2004; Derrfuss et al., 2004, 2005; see also Bunge et al., 2003, and Sylvester et al.,
2003, for a converging characterization of the function of the IFJ; reviewed in Brass et al.,
2005) and implicated in a cognitive control network (Cole & Schneider, 2007). In recent
years, the IFJ has generated increased interest due to its involvement in a surprising variety of
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high-level cognitive functions, such as top-down visual attention (Baldauf & Desimone,
2014), working memory (Zanto et al., 2010) and the implementation of novel task
instructions (Muhle-Karbe et al., 2017), thus firmly positioning it within the multiple-demand
system of the brain (Assem et al., 2020; Duncan, 2010; Fedorenko et al., 2013).

Moreover, research has started to identify structural and functional correspondences
between the ventrolateral PFC (vlPFC) in macaques and humans, enabling insightful
cross-species comparisons (Figure 1; Bichot et al., 2015, 2019; Donahue et al., 2018; Neubert
et al., 2014; Schwedhelm et al., 2017, 2020). In contrast to the FEF, which as we noted earlier
has inherently a functional label, the IFJ is instead by its very definition associated with
specific sulcal landmarks—namely, the junction of the precentral sulcus (PCS) and the
inferior frontal sulcus (IFS), which directly refer to its putative location. In the next section,
we then turn to describe and compare the structural properties of the FEF and the IFJ, as well
as their relationship to sulcal morphology.

FIGURE 1 Putative homologies between the
human and the macaque PFC displayed on
the human MMP1 (a) and the macaque
Yerkes19 atlases (b). The homologies
between the human and the macaque PFC
are, due to the lack of similar sulcal
morphology (because the macaque brain has
a single principal sulcus, in contrast to the
human brain, which has two major sulci, the
SFS and the IFS), best inferred based on
structural and/or functional criteria, rather
than morphological information. In the
MMP1, the typical localization of the IFJ
relative to the sulci likely corresponds to the
IFJp (a) (see Section 2.2.2 for a detailed
discussion). According to the study by
Donahue et al. (2018), the human FEF would
be the homologue of area 45b in the macaque
(Schall et al., 1995), but it may also overlap
with other brain regions (viz., 8a and
6DC(F2); see, e.g., fig. 1 in Schall, 2015). In
the studies by Bichot et al. (2015, 2019), the
authors identified a ventral prearcuate region
(VPA) that was proposed as the human IFJ
homologue and that overlapped with areas
46v, 45A and 12. Based on their injection
sites, three regions that may correspond to
the VPA were highlighted on the Yerkes19
atlas (b) (the regions 45A, 9/46v and 12r0
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from the composite PFC parcellation by Donahue et al., 2018; PS, principal sulcus; AS,
arcuate sulcus; both (a) and (b) were adapted from the datasets available in BALSA at
https://balsa.wustl.edu/; Van Essen et al., 2017). At present, it is however unclear whether
cytoarchitectonic maps in the macaque are appropriate for inferring homologies with the
human PFC (see Section 2.2.1 for a discussion). In Section 2.5, we highlight some of the
most intriguing proposals that aim at resolving these comparative neuroanatomical issues

2.2 | STRUCTURE

2.2.1 | Cytoarchitecture, chemoarchitecture and receptorarchitecture

Traditionally, cytoarchitecture has been the most prominent property used in defining
cortical maps (Amunts & Zilles, 2015). However, with the advent of neuroimaging, the
balance decisively shifted in favour of non-invasive in vivo methodologies (Eickhoff, Yeo, &
Genon, 2018). In humans, the FEF and the IFJ were indeed initially defined and localized in
stereotaxic space thanks to positron emission tomography (PET) and fMRI studies (Derrfuss
et al., 2005; Paus, 1996; but see Foerster, 1931, and Penfield & Rasmussen, 1950, for earlier
investigations based on electrical stimulation), and only subsequently their specific
architectural properties were examined. However, establishing correspondences between
cortical borders derived from architectural and functional information has proven
challenging. Even if functional borders agree well with architectural ones (e.g., Brodmann
areas [BAs]; Brodmann, 1909), some of the latter encompass many functional regions (and
vice versa), so any straightforward extrapolation from one map to the other is likely
insufficient (Amunts et al., 1999). Moreover, the undue reliance on comparative criteria to
examine the architecture of these regions can also be misleading. For example, it could be
very well the case that, especially in areas that followed a significant expansion in size in
humans compared with other primates (Donahue et al., 2018), areas that underwent
evolutionary change also present a different architecture and thus lie within incongruent BA.

These interpretative issues will become immediately apparent when describing the
architecture of the FEF. In fact, a substantial impediment in the comparative study of the FEF
was caused by the recognition that there are remarkable inconsistencies between the two most
widely used cytoarchitectonic maps of the human and of the macaque (Brodmann, 1909;
Walker, 1940), particularly in the PFC, in which borders were drawn relying on different
cytoarchitectonic criteria, and no explicit comparative considerations were put forward
during that process (Petrides et al., 2012). To resolve some of these discrepancies, Petrides
and Pandya (1999, 2002) investigated the comparative cytoarchitecture of the dorsolateral
PFC and the vlPFC and re-examined Brodmann’s taxonomy in these brain districts.
According to the neuroimaging evidence available at the time (in particular, the study by
Courtney et al., 1998), the authors suggested that the human FEF is localized within BA8 and
BA6, rather than in area 8Ad, in contrast to the macaque. Although the IFJ is not explicitly
reported in their second study, we can speculate that this area corresponds to what the authors
identify as BA6, BA44 and, to a lesser extent, area BA9/46v. Two subsequent studies have
specifically investigated FEF as defined by fMRI evidence and then examined its
cytoarchitecture and chemoarchitecture ex vivo. Rosano et al. (2003) investigated the
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cytoarchitecture and chemoarchitecture of FEF in six subjects. They reported that several
chemoarchitectonic features could segregate FEF from rostral regions in the middle frontal
gyrus (MFG) and superior frontal gyrus. Their findings indicated that FEF is at a point of
transition between the granular and agranular cortices in the vicinity of the superior PCS
(sPCS). In a single case ex vivo study, Schmitt et al. (2005) found that cytoarchitecture
differentiates two aspects of the putative FEF localized in an area of 2 mm parallel to the
lateral convexity and an area of 8 mm in the depth of the PCS. This study also reported that,
according to cytoarchitectonic criteria, FEF is for the most part localized in BA6.

On the other hand, the first characterization of the structure of the IFJ derives from a
re-examination of a study by Amunts et al. (1999). In the resulting position paper, Amunts
and von Cramon (2006) reported that a sharp change in cytoarchitecture and
chemoarchitecture occurs in a region that corresponds to the functionally defined IFJ. The
area analysed belongs to BA8, BA6 and BA44. In Amunts et al. (2010), the authors
performed the post-mortem analysis of eight brains, which revealed that the receptor
fingerprint of the left IFJ segregates this area from the ventral area 44d based on higher
concentrations of AMPA, GABAA and M2 receptor densities (reviewed in Zilles & Amunts,
2018). Interestingly, the authors also reported the segregation of IFJ in two subregions along
the banks of the PCS. This distinction parallels evidence from other methodologies (in
particular, the studies by Glasser et al., 2016, and Zanto et al., 2010; the latter is discussed in
Section 2.3.3), suggesting the presence of a robust subdivision within the IFJ. Therefore, it
would be interesting to assess the agreement between architectural and functional criteria in
segregating the IFJ (both from other brain regions and internally) and investigate whether
neural populations with different selectivity and function could underlie this subdivision. In
conclusion, based on the available evidence, we can tentatively describe FEF as a region
characterized by a dysgranular architecture (i.e., with a weakly developed fourth layer), part
of BA6 (and perhaps to a lesser extent, of BA8), and IFJ as a dysgranular region lying in the
posterior bank of the IFS, in BA6, BA8 and BA44. However, due to the very limited sample
available in post-mortem studies, the question that is crucially left open is whether these
results can be generalized to the localization (and the borders) of FEF and IFJ as defined by
non-invasive methods (primarily fMRI) in larger cohorts. Conversely, it is left open whether
evidence derived from probabilistic structural atlases (e.g., Amunts et al., 2020) can be used
to independently validate the localization inferred from fMRI experiments.

2.2.2 | Localization and relation to sulcal morphology

Traditionally, the FEF and the IFJ have been both localized along the banks of the
sPCS and the inferior PCS (iPCS), the former in the vicinity of its intersection with the
superior frontal sulcus (SFS), and the latter ventrally, in the vicinity of its intersection with
the IFS (see Figure 1a). Due to the absence of compatible sulcal landmarks in monkeys
(Donahue et al., 2018), the detailed comparative assessment of similarities in the organization
of FEF and IFJ has proven very challenging (but see Neubert et al., 2014; Sallet et al., 2013).
It also remains to be elucidated how inter-individual differences in the sulcal morphology
affect the exact localization of FEF and IFJ. Of primary interest in this section are therefore
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instances of spatial shifts and potential inversions between the respective locations of FEF
and IFJ, which would lead to incomplete spatial segregation between these regions when their
activity (as measured by fMRI) is pooled at the group level.

The correspondence between the macaque and the human FEF has been a puzzling
aspect of FEF localization and function. In the study by Koyama et al. (2004), the authors
compared the localization of the macaque and the human FEF to resolve discrepancies in FEF
localization, which potentially stemmed from idiosyncratic methodological approaches in the
two species. They measured fMRI blood oxygen level dependent (BOLD) activity in both
species while performing visually guided saccades in blocked and event-related designs.
They found that the execution of saccadic movements consistently activated similar regions
in frontal and parietal cortices. The macaque dorsal lateral intraparietal region corresponded
to the human superior parietal lobule (SPL), and the macaque FEF corresponded to the
putative human FEF, localized at the intersection of SFS and PCS (BA6). Because activation
peaks were also found in premotor regions in macaques (BA6), the authors concluded that the
FEF presents a similar anatomical organization across the two species. In the study by Amiez
et al. (2006), the authors’ goal was to dissociate activity related to manual and saccadic
responses, which according to previous neuroimaging evidence often overlapped nearby the
junction of the SFS and the PCS. They analysed conditional hand responses and saccadic
movements in a blocked-design fMRI experiment on a subject-by-subject basis to clarify the
respective activation foci. Their study shows that three main variants can represent the
morphology of the junction of the SFS and the PCS and that in all the subjects analysed, the
activations associated with the execution of conditional hand movements and saccades tapped
into a dorsal and a ventral portion of PCS junction with the SFS, respectively, agreeing with
the available comparative evidence in non-human primates.

Concerning the exact localization of IFJ and its relation to sulcal morphology, the
study by Derrfuss et al. (2009) reported that in 13 out of 14 of their participants, the
activations found in a task-switching fMRI study were localized in the iPCS, nearby the
junction with the IFS in the left hemisphere. Thus, similarly to the FEF, the localization of the
IFJ appears to be tightly associated with the individual sulcal morphology and stable across
subjects. Finally, in a study of outstanding interest to the scope of this work by Derrfuss et al.
(2012), the authors reported an anatomical and functional double dissociation between the
activations elicited by saccades versus button presses in the motor paradigm (in the inferior
FEF [iFEF]) and incongruent versus congruent trials in the Stroop paradigm in the IFJ along
the banks of the PCS. Of critical importance, the authors performed the analysis of
activations at the subject level in the left hemisphere to localize both regions of interest
(ROIs). In the case of the iFEF, the contrast between saccades and button presses was aimed
at removing two major confounds: (1) this contrast allowed to keep sensory (i.e., auditory)
stimulation balanced and to isolate activity specifically related to saccade execution; (2)
saccades were executed in darkness to remove any change in visual stimulation during the
task. The authors showed that for 16 of the 17 participants, these tasks (viz., the motor and
the Stroop task) were successfully able to dissociate activations in the iFEF and the IFJ.
Unfortunately, however, the lack of eye-tracking data is a limitation of this study. For
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example, previous studies showed that imbalances in blinking behaviour in the absence of
visual stimulation can contaminate BOLD signal and significantly alter activity in prefrontal
oculomotor sites, such as FEF and the supplementary eye field (Bristow et al., 2005; Hupé et
al., 2012). Thus, an alternative interpretation that eye blinks drove iFEF responses cannot be
completely ruled out (Kato & Miyauchi, 2003; see also Amiez & Petrides, 2009, for a similar
interpretation of iFEF activations).

In summary, sulcal morphology is a fundamental aspect of FEF and IFJ localization
and underlies the spatial segregation between these regions. Future studies should investigate
the development of the cortical folding in the plPFC and consolidate the brain mapping
approaches that allow the dissociation of the activations found along the superior and inferior
banks of the PCS.

2.3 | FUNCTION

In this section, we turn to describe and compare FEF and IFJ involvement in
orchestrating functions and top-down control, such as visual attention, working memory and
executive functions. There are undoubtedly many other aspects that differentiate the role of
these areas in cognition. Still, we claim that it is precisely in their differential roles of
top-down guidance that we find the most systematic and prominent differences between these
two areas. This work is strongly influenced and inspired by the legacy and pioneering work
by Patricia S. Goldman-Rakic, who carefully studied the organization and the functional
specialization of the PFC (Goldman-Rakic, 1996; Wilson et al., 1993). In the following, we
will focus on reviewing more recent human neuroimaging studies of FEF and IFJ activity,
mostly in the form of fMRI and MEG, or combinations of the two methods. We choose this
focus because the excellent spatial and temporal resolution of these (combined) tools allows
measuring and modelling task-related activities in FEF and IFJ at an unprecedented level of
detail, revealing important differences in their involvement in attentional and working
memory tasks. Thus, all the remaining comparisons based on different cognitive subdomains
and sources of evidence (e.g., lesion studies) are outside the scope of the present work.

To ease the exposition, this section will be organized around the discussion of six
well-known functional dichotomies: modal versus supra-modal coding, presence versus lack
of topographic organization, top-down versus bottom-up spatial attention, spatial versus
non-spatial attention, spatial versus object-based working memory and position within versus
outside the multiple-demand system. Although we acknowledge that some of these
dichotomies have been in part superseded (e.g., top-down vs. bottom-up attention; Awh et al.,
2012; Macaluso & Doricchi, 2013), we will attempt to discuss the evidence on a continuum,
thus avoiding unilateral considerations on the role of FEF and IFJ in these dichotomies, and
refer to novel theoretical frameworks whenever appropriate. The decision to structure this
section in this specific way is essentially motivated by the basic understanding of attention
and working memory as fundamental orchestrating functions, which provide the building
blocks of other high-level cognitive functions, such as response inhibition, task-switching and
more generally the hierarchical control of behaviour (Desimone & Duncan, 1995; Fuster,
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2001; Goldman-Rakic, 1996). In accordance with this assumption, the dichotomies discussed
also follow a gradual and ordered progression from sensory functions towards more abstract
ones (i.e., detached from sensory input). Finally, we would also like to emphasize that the
goal of the present review is primarily to facilitate the integration of the role of FEF and IFJ
into already existing computational and neural frameworks of attention, working memory and
cognitive control (Carrasco, 2011; Desimone & Duncan, 1995; Duncan, 2001; Itti & Koch,
2001; Miller & Cohen, 2001; Serences, 2016; Sreenivasan et al., 2014) by focusing on the
implementation of the mechanisms posited by these models at the brain network level (Cole
et al., 2013; Corbetta & Shulman, 2002; Fecteau & Munoz, 2006; Fiebelkorn & Kastner,
2020; Koechlin et al., 2003; Nee & D’Esposito, 2016; O’Reilly, 2010).

2.3.1 | Sensory domains (modal vs. supra-modal coding) and topographic organization

Prominent cognitive models posit that the brain areas involved in the selection of
competing stimuli and responses need to be supra-modal in nature (Dux et al., 2006; Norman
& Shallice, 1986; Pashler, 1994). However, recent studies using MVPA show that in the
plPFC, several areas involved in these processes exhibit selectivity for specific sensory
modalities (Michalka et al., 2015; Schwedhelm et al., 2020; Tamber-Rosenau et al., 2013). In
Michalka et al. (2015), the authors used fMRI to investigate the hypothesis that the lateral
frontal cortex is organized according to the selectivity to sensory modality by contrasting the
activity elicited by a sustained covert visual attention task and an auditory task. In the
majority of participants, the contrasts revealed activation foci localized in the sPCS and the
iPCS, respectively. There was also a significant gap between the foci in the transverse gyrus
of the PCS, where all subjects showed auditory selectivity. Interestingly, there was an
additional auditory-biased region on the caudal portion of the IFS. This study also analysed
the intrinsic (i.e., resting-state) functional connectivity of the previously defined regions with
posterior visual and auditory areas. They showed that sPCS and iPCS activity positively
correlated with visual attention areas and that activity in the transverse gyrus of the PCS and
the caudal IFS correlated with auditory attention areas, whereas the reverse correlation was
not found significant or was negative, thus showing the independence of these networks (this
original finding was replicated in a larger sample in Tobyne et al., 2017). Finally, in a recent
study employing a rule-based attentional selection paradigm, Germann and Petrides (2020)
reported that in the left hemisphere, the ventral part of area 8A is involved in the selection of
visual stimuli, whereas in the right hemisphere, its dorsal part is involved in the selection of
auditory stimuli, which further supports the idea of sensory selectivity in the plPFC.

In parallel to the previous research line on sensory selectivity in the PFC, studies on
the retinotopic organization across the cortex revealed that several foci in the frontal, parietal
and occipital cortices show responses to visual stimulation that are organized in a topographic
fashion (Benson et al., 2018; Sereno et al., 1995; Wang et al., 2015). These responses are
modulated by attention (Saygin & Sereno, 2008) and are hypothesized subserving spatial
attention and spatial working memory (Hagler & Sereno, 2006; Jerde et al., 2012; Kastner et
al., 2007). In their seminal fMRI study, Mackey et al. (2017) developed a method to reliably
elicit activations in frontoparietal regions and computed their population receptive fields
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(Dumoulin & Wandell, 2008) using a model that accounts for non-linear responses to stimuli
of varying size. In each of the five subjects analysed, the authors identified two topographic
maps in the sPCS and the iPCS. Both these cortical patches contained a representation of
polar angle and eccentricity. In the sPCS, the foveal representation was localized at the
junction of the PCS with the SFS, which allowed the separation of this region in two visual
field maps (referred to as sPCS1 and sPCS2 below) containing a complete representation of
contralateral space. In contrast, the organization of the iPCS was less clear, but this area
seemed to be still capable of representing eccentricity and the contralateral space in a
systematic way. The authors related these newly defined maps to the topographic atlas by
Wang et al. (2015) and the multimodal parcellation 1.0 (MMP1) by Glasser et al. (2016). The
sPCS2 corresponded to the FEF in both of those atlases, whereas the sPCS1 corresponded in
large parts to the more dorsomedial areas 6a and 6d in the MMP1. The iPCS corresponded to
the ventrolateral premotor eye field and the posterior IFJ (IFJp) regions, and area 6r in the
MMP1, but this correspondence varied considerably across subjects and between
hemispheres. Although the sample size of this study was quite small, and thus the
topographic mapping technique that the authors developed requires to be validated in a larger
sample, this study suggests that FEF can confidently be included in the set of topographic
visual areas. The evidence for a topographic organization of IFJ is instead comparatively
weaker. Indeed, if IFJ may to some extent represent eccentricity, its overlap with activations
found in the iPCS was very loose. Furthermore, evidence in non-human primates indicates
that neurons in the vlPFC (specifically, in the ventral pre-arcuate region, the putative
homologue of the human IFJ; Bichot et al., 2015, 2019) have extensive receptive fields that
can sometimes extend to the ipsilateral space—a fact that again suggests little evidence of
topographic organization (Bichot et al., 2015, 2019).

In summary, although it has been recently suggested that FEF and IFJ are both
primarily unimodal (visual) areas, we reviewed here novel evidence that favours a more
general involvement of the FEF in spatial tasks, as only FEF contains a precise topographic
representation of contralateral space, whereas the IFJ (and in particular, the IFJp as defined
according to the MMP1) has only quite limited overlap with topographically organized areas
(as the iPCS activations found by Michalka et al., 2015, and Tobyne et al., 2017; see also
Mackey et al., 2017). Further work will be required to characterize the organization of
topographic maps in the plPFC and their correspondence with the parcellation schemes
derived from multimodal MRI data (Glasser et al., 2016; Neubert et al., 2014; Sallet et al.,
2013).

2.3.2 | Top-down versus bottom-up spatial attention

Much of the early neuroimaging studies (PET and fMRI) on the brain regions and
networks subserving visual attention was dedicated to understanding how the brain achieves
top-down control over visual input or, conversely, how attention is automatically driven by
bottom-up factors (Corbetta & Shulman, 2002). These pioneering studies coalesced in the
seminal proposal that a dorsal attention network (DAN; with FEF and the intraparietal sulcus
[IPS] as primary nodes) controls top-down visual selection. Although it is not explicitly
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mentioned, also parts of the IFJ seem to be localized within this network, with MFG as the
most closely labelled brain structure. In contrast, a right-lateralized ventral attention network
(VAN), with inferior frontal gyrus (IFG) and the temporoparietal junction (TPJ) as primary
nodes, was hypothesized to be involved in the automatic reorienting of attention to external
(salient) stimulation (Corbetta & Shulman, 2002). Although this proposal was very elegant in
the way it reconciled the neuroimaging evidence available at the time, and it was successfully
able to isolate the main nodes of the attention networks that were involved in a variety of
experimental tasks (reviewed in Fiebelkorn & Kastner, 2020), and also in spontaneous,
resting-state activity (Fox et al., 2006), it suffered from several limitations. First of all, earlier
studies failed to appreciate the distinction between reorienting to predictable versus
unpredictable stimuli (Shulman et al., 2009), and secondly, between reorienting of attention
and the evaluation of the appropriate stimulus-response mapping, mainly due to the lack of
time resolution (Han & Marois, 2014). Finally, these initial studies were not designed to
model directed interactions between DAN and VAN nodes. Vossel et al. (2012) addressed the
latter question in an fMRI study by analysing the effective connectivity between FEF, IPS,
and the right TPJ and IFG (likely also comprising the right IFJ) using dynamic causal
modelling. In their spatial task, the participants were instructed to discriminate an orientation
grating shown at the right or the left of the fixation, and the predictability of the spatial cue
was manipulated between blocks (90% vs. 60%; the subjects were made aware of the
manipulation by the colour of the cue). The author contrasted valid > baseline and invalid >
valid trials to extract the DAN (FEF, IPS) and VAN (IFG, TPJ) nodes, respectively, at the
single-subject level in a whole-brain analysis. They then separately evaluated a wide array of
competing models of modulatory effects within the DAN and VAN nodes, and from/to the
visual cortex, employing a random effect Bayesian model. This analysis revealed that, in the
DAN, the model with the highest empirical support consisted of bilateral connections
between FEF and IPS of both hemispheres, and between the right and left FEF. In the VAN, a
model with bilateral connections from the visual cortex to the right TPJ and from there to the
right IPS and IFG was best supported by the data. They also tested the effect of validity and
cue predictivity in the modelled VAN connections and showed that in all areas, activity was
increased in invalid, high cue predictivity trials. Moreover, the connection between right TPJ
and right IPS was enhanced in this condition, indicating a potential communication
mechanism between the VAN and DAN, suggesting that the VAN is right lateralized.

Within a similar theoretical framework, the fMRI study by Wen et al. (2012) tested
the interactions between the DAN and VAN in a spatial attention task using Granger
causality, and the functional role of these two networks for behaviour. Their task consisted of
a spatial cue followed by a 2.5-s delay, after which the subjects were required to respond to
an unlikely target (20% of the trials) in the valid condition and to ignore the stimulus in the
unattended hemifield. The authors first contrasted attention blocks with passive-view blocks
to isolate the main DAN and VAN nodes, which comprised the bilateral FEF and IPS, and the
right anterior MFG, the right posterior MFG and the right TPJ (and also additionally, the
bilateral dorsal anterior cingulate cortex and anterior insula), respectively. After computing
Granger causality between all ROI pairs, they sorted their behavioural results (reaction time
[RT] and accuracy) in bins and correlated the binned values with the Granger-causal values.
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The results suggest that Granger-causal influences from the rIPS to the rTPJ are associated
with increased accuracy, whereas the reverse influences from rTPJ to rIPS are detrimental to
behavioural performance (both in RT and in accuracy). Moreover, by aggregating data from
all the DAN and VAN ROIs, the authors showed that Granger-causal influences from the
DAN to the VAN were again associated with increased accuracy, whereas influences from the
VAN to the DAN led to worse RT, which further supported the results from the single ROI
analyses. Interestingly, however, they also noted that the right posterior MFG (which seems
to match quite well the location of the IFJ according to the sulcal landmarks) had a more
ambiguous relationship with the DAN because it had directional influences on the rFEF, lIPS
and rTPJ, all of which correlated positively with enhanced performance. Overall, the authors
interpreted these findings as consistent with a model in which the DAN exerts top-down
control and suppresses VAN activity to achieve efficient filtering of distracting stimuli,
whereas the VAN is mainly involved in breaking the attentional set.

As the role of the FEF in top-down attention was already well established by both
comparative and fMRI evidence (Buschman & Miller, 2007, 2009; Corbetta, 1998; Corbetta
& Shulman, 2002; Gregoriou et al., 2009; Kastner & Ungerleider, 2001; Moore &
Armstrong, 2003), one of the aims of the following research was to understand the
contributions of the IFJ to the DAN and VAN. Asplund et al. (2010) investigated the effects
of the interaction between goal-driven and stimulus-driven factors on fMRI activity during
the performance of a non-spatial (i.e., centrally presented) rapid serial visual presentation task
(RSVP). Unbeknownst to the participants, they inserted a human face in a small percentage
of trials that acted as an irrelevant salient stimulus and caused a marked decrease in target
detection (they refer to this effect as surprise-induced blindness). Their results show that, in
the first two presentations of the distractor, there was an increase in activity in the IFJ and
TPJ, after which neural responses adapted to the distractor, and that this modulation matched
the behavioural performance in surprise trials. The authors also found evidence of increased
activation in the FEF and IPS, although at longer delays (3 s), which therefore was not
affecting behavioural performance. Thus, their study suggests the idea that the IFJ may act as
an interface between the stimulus-driven VAN and the goal-driven DAN and that it could
mediate the conscious perception of behaviourally relevant stimuli. Han and Marois (2014)
attempted to dissociate the activity related to transient reorienting from sustained activity
related to the evaluation of the stimulus in an Rapid Serial Visual Presentation (RSVP) task
contrasting short versus long (1 and 10 s) ‘oddball’ trials. The results of their experiments
(fMRI exp. 1–2) revealed that the TPJ and IFJ showed both transient and sustained responses
to salient stimuli, whereas several other areas in the PFC (e.g., the insula and the cingulate
cortex) had transient responses only, a result that implicates these regions in ongoing
evaluative processes. Finally, in their fMRI study, Tamber-Rosenau et al. (2018) investigated
how the DAN and VAN contribute to transient and sustained attentional processes. They used
an endogenous spatial cueing paradigm with variable delays in target presentation to
specifically tease apart the role of the IFJ in the configuration and maintenance of attentional
priority. They found that in the right hemisphere, the FEF and IPS showed evidence of both
transient (i.e., at the end of the cue and the target presentation) and sustained activities (i.e.,
during the whole delay period). In contrast, the bilateral IFJ showed only evidence of

31



CHAPTER 2___________________________________________________________________________

transient activity, pointing to an initial involvement of this region in the configuration of the
attentional state. We note that a potential reason for the discrepancy with the results reported
by Han and Marois (2014) is that in the latter study, the authors focused on analysing only
longer delay trials (9, 13 and 15 s) as their original goal was to dissociate the IFJ from DAN
nodes (i.e., the FEF and IPS), and therefore, they defined sustained activity as one that is
significantly elevated relative to baseline during the entire delay period. Accordingly,
although the right IFJ showed evidence of sustained activity if delay periods were pooled
together, this was no longer the case when the results were further analysed separately for
each delay period. Concerning the DAN nodes, their results are consistent with models of a
priority map within the FEF (similar to priority maps in the posterior parietal cortex; see
Fecteau & Munoz, 2006; Itti & Koch, 2001; Thompson & Bichot, 2005; Zelinsky & Bisley,
2015). The function of the frontal priority map is to integrate bottom-up and top-down signals
and to guide perceptual and action selection (Fecteau & Munoz, 2006).

However, there are still aspects of the role of the FEF and IFJ in top-down selection
that remain quite elusive. In macaques, the latency of FEF responses has been estimated to be
approximately 40 ms, with some neurons exhibiting latencies comparable with V1 and V2
neurons (Bullier, 2001). In a recent electrocorticographic study, Martin et al. (2019) found
comparable latencies in the human FEF in response to a spatial cue (62 ± 5 ms), which were
again in the order of early visual cortex latencies. However, surprisingly, they reported that
the effects of attentional modulation were more pronounced, and their latencies were shorter,
in extrastriate areas and the parietal cortex, compared with frontal and visual cortices. These
results highlight the need of pursuing similar research efforts to successfully bridge
electrophysiological research in non-human primates and humans. To summarize, whereas
the FEF is consistently involved in top-down spatial selection and may provide the
instantiation of a priority map where top-down signals are integrated with bottom-up activity
and maintained, the IFJ acts as a flexible hub that toggles between the DAN and VAN
activities and modulates activity in the DAN according to the current behavioural demands
and context.

Finally, although the in-depth discussion of this subject is partly outside the scope of
the present work and would certainly deserve to be reviewed separately, here, we would like
to describe and point the reader to outstanding transcranial magnetic stimulation (TMS)
evidence that helps to reveal the contribution of the FEF and IFJ to attentional control and
working memory processes, thus complementing the correlational studies described earlier
with causal evidence. In Ruff et al. (2006), the authors combined fMRI with concurrent TMS
and revealed that repetitive TMS over the right FEF increases the BOLD signal in peripheral
locations and reduces it in a central location in retinotopic regions (V1–V4) depending on the
TMS intensity in an additive way, both in the presence and absence of visual stimulation.
This effect was shown to be behaviourally relevant by a follow-up psychophysical
experiment, in which TMS over the same site (rFEF) enhanced the perceived contrast of a
peripheral Gabor patch in both visual hemifields. Subsequent studies were able to replicate
and extend this set of findings to a variety of visual tasks (see, e.g., Bardi et al., 2012;
Neggers et al., 2007; Ronconi et al., 2014; Taylor et al., 2007; Vernet et al., 2014, for a
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review). In their innovative multimodal study, Marshall et al. (2015) further uncovered the
neural mechanisms that underlie FEF influences over occipital sites. They first localized FEF
sites at the individual subject level in a preliminary fMRI session. They subsequently
administered continuous theta burst stimulation (cTBS) with TMS to the left and right FEF,
and a third control site (vertex), and recorded the neural activity in the 30 min afterward
using MEG while the participants were performing a spatial attention task. Their results show
that cTBS over the rFEF (co-registered to the T1-w image) impaired performance for
contralateral stimuli, decreased anticipatory alpha power modulation in the contralateral
hemisphere and increased gamma power in the left hemisphere after rFEF stimulation.
Together, these findings highlight the oscillatory signatures of the top-down control exerted
by the FEF over the occipitoparietal cortex and potentially suggest a role for interhemispheric
interactions. The role of the FEF in top-down control was further supported by a recently
published study by Veniero et al. (2021), which combined online TMS with
electroencephalography (EEG). In their first experiment, the authors applied single-pulse
TMS to the rFEF and showed that this pulse led to an oscillatory alignment in the beta
frequency band as measured from occipital channels. In a second experiment, they applied
single-pulse TMS to the rFEF while the participants were performing a motion discrimination
task. They showed once again that this pulse led to an oscillatory alignment and, more
importantly, that this modulation caused an analogous cyclic effect on visual performance in
the same beta band. In two follow-up experiments, these effects on visual perception were
confirmed via dual-site TMS on the rFEF, on the one hand, and on rV5/rV1, on the other, by
examining phosphene perception. This analysis revealed a similar rhythmic modulation as in
the previous experiments of rV5 excitability, but not rV1, thus providing anatomical
specificity to the results of their study.

The TMS evidence on the IFJ is much scanter, but nevertheless essential to
understand its role in top-down control. The influential study by Zanto et al. (2011) used a
non-spatial, feature-based task where subjects were asked to either remember colour
information and ignore motion direction or vice versa, and respond to a probe item (see Zanto
et al., 2010, for more details on the meth- odology; described in the following section). They
applied repetitive 1-Hz TMS on the right IFJ (defined in a separate fMRI experiment) for 10
min and measured EEG while the participants were performing their behavioural task. They
showed that in the first half of the experiment, repetitive TMS decreased behavioural
accuracy and the amplitude of the P1 component in the ‘attend colour’ condition. These
results were further confirmed by analysing the phase coherence between frontal and
posterior electrodes in the alpha band, which was previously identified as a signature of
neural modulation, and that decreased following repetitive TMS. In the study by
Muhle-Karbe et al. (2014), the authors investigated the role of the left IFJ and left IPS in task
preparation. These nodes were defined by performing an fMRI meta-analysis of
task-switching studies (45 studies) using the activation likelihood estimation (ALE) technique
(Eickhoff et al., 2012) and targeted them by repetitive TMS during the execution of a cued
task-switching paradigm. This paradigm contained blocks in which the task goal was
repeated, but subjects had to change their response set, and blocks in which the response set
was constant, but they had to reconfigure their task goal. Crucially, by delivering repetitive

33



CHAPTER 2___________________________________________________________________________

TMS on these sites before the target onset, the authors revealed a double dissociation
between the lIFJ and lIPS in task preparation; namely, that the stimulation of the former
impaired the reconfiguration of task goals, but not of the response set, and conversely, that
the stimulation of the latter impaired the updating of the response set, but not of the task goal.
Finally, in a third experiment, the authors showed that the lIPS was also implicated in
reconfiguring the task goal, but at a later stage in the information processing cascade. These
results therefore highlight the lIFJ as one of the sources of the top-down signals to posterior
parietal areas that it is crucial to cognitive control functions (for converging evidence, see
Hippmann et al., 2019; Muhle-Karbe et al., 2018; Verbruggen et al., 2010). In addition, as in
both the study by Zanto et al. (2011) and Muhle-Karbe et al. (2014), the task-relevant
dimension was feature based (colour/motion and shape/colour, respectively), this suggests the
intriguing possibility that the IFJ may be specifically involved in encoding and manipulating
information in a non-spatial (feature- and object-based) representational format. We will
elaborate more in detail on this suggestion in the general discussion, where we will also
provide a concrete example of how TMS could be used to directly address this open question.
Thus, now we will move on to discuss more broadly the relationship of the FEF and IFJ to
spatial and non-spatial selective mechanisms.

2.3.3 | Spatial versus non-spatial attention and spatial versus object working memory

Functionally, it is very well possible to dissociate the behavioural effects and the
neural mechanisms of spatial versus feature- and object-based (i.e., non-spatial) attention
(Carrasco, 2011; Desimone & Duncan, 1995; examples of the classic spatial and non-spatial
cueing paradigms are shown in Figure 2). Indeed, whereas spatial attention enhances the
neural activity that codes the location of the attended stimulus (Kastner & Ungerleider, 2001),
non-spatial attention acts globally on the entire visual scene (Baldauf & Desimone, 2014;
Serences & Boynton, 2007; Störmer & Alvarez, 2014) and boosts the signals that code for the
attended feature or object (i.e., through the ‘attentional template’; Desimone & Duncan,
1995), while also suppressing irrelevant, distracting information (Gaspelin & Luck, 2018). As
we have seen, in the plPFC, some areas adjacent to and including the FEF possess a
topographic organization (reviewed in Section 2.3.1), thus being well adept to provide
top-down location-specific modulation of neural activity. In contrast, another set of areas
have extensive receptive fields (Bichot et al., 2015, 2019), which often encompass also the
ipsilateral hemifield, which may account for the global nature of their modulation on visual
processing. Because the attentional template needs to be held active during the task, it has
been proposed that sustained, top-down attention (both spatial and non-spatial) relies on the
same neural machinery as working memory processes, both in terms of their cognitive
routines and the brain networks involved (Chun et al., 2011; Gazzaley & Nobre, 2012;
Zelinsky & Bisley, 2015). It is widely agreed that perceptual attention and working memory
are intimately linked (Awh & Jonides, 2001; Baddeley, 1993; Olivers, 2008). Not only is it a
crucial component of top-down perceptual attention to keep templates for targets of the
perceptual selection internally sustained over time (e.g., Awh et al., 1998; Chun et al., 2011;
LaRocque et al., 2013; Oberauer, 2019). In this sense, Kiyonaga and Egner (2013) described
the two components in an integrative account as internal versus external selection processes,
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FIGURE 2 Paradigms that allow disentangling spatial and non-spatial attentional and
working memory mechanisms. Red outline: Paradigms that involve a strong spatial
component. The fundamental basis of all the tasks shown in this group is represented by the
spatial cueing paradigm (a) (adapted from Carrasco, 2011). (b) The tasks from the study by
Srimal and Curtis (2008), consisting of a memory-guided saccade (top) and a spatial item
recognition task (bottom). (c) The saccadic eye-movement paradigm from the study by
Amiez et al. (2006; adapted from Amiez & Petrides, 2009). Top row: Control task, in which
subjects keep fixation. Bottom row: Experimental task, in which subjects need to perform a
sequence of visually guided saccades. This paradigm represents the classical FEF fMRI
localizer. (d) The memory- guided saccade task from the study by Kastner et al. (2007). This
study provided compelling evidence of the presence of topographic maps in the PFC (and
crucially, in the sPCS/SFS, encompassing the FEF). Blue outline: Paradigms that involve
purely non-spatial mechanisms. (e and f) The feature-based attention tasks from the studies
by Zhang et al. (2018) and Liu et al. (2011). In these tasks, the subjects are asked to hold
fixation and are instructed by an endogenous cue to pay attention to the features of a stimulus
(either colour or motion) and to detect a sudden change in luminance of a dot or an increase
in its speed of motion. Because this imperative event can happen randomly in each portion of
the cloud-like stimuli, spatial information is rendered ineffective for solving the task at hand
(in the study by Zhang and colleagues, half of the dots were replaced and reappeared at new
locations each 100 ms to discourage even more the use of spatial strategies; the attended and
ignored sides were blocked). (g) The purely object-based attention task devised by Liu
(2016). The colour, orientation and spatial frequency of the two superimposed Gabor patches
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changed simultaneously over the trial, so the subjects needed to pay attention to their identity
to effectively perform the task. (h and i) The working memory task used by Zanto et al.
(2010) and the object-based attention task from the study by Baldauf and Desimone (2014).
All these feature- and object-based attention and WM tasks engage the IFJ, which is
responsible for modulating activity in downstream visual areas (e.g., MT+, V4, PPA and
FFA) to enhance behavioural performance (Baldauf & Desimone, 2014; Zhang et al., 2018)

respectively. Experimentally, also many forms of interactions have been described between
working memory and attention (Olivers, 2008). For example, Kim et al. (2005) showed that
increased ongoing working memory load reduces perceptual Functionally, it is very well
possible to dissociate the behavioural effects and the neural mechanisms of spatial versus
feature- and object-based (i.e., non-spatial) attention (Carrasco, 2011; Desimone & Duncan,
1995; examples of the classic spatial and non-spatial cueing paradigms are shown in Figure
2). Indeed, whereas spatial attention enhances the neural activity that codes the location of the
attended stimulus (Kastner & Ungerleider, 2001), non-spatial attention acts globally on the
entire visual scene (Baldauf & Desimone, 2014; Serences & Boynton, 2007; Störmer &
Alvarez, 2014) and boosts the signals that code for the attended feature or object (i.e.,
through the ‘attentional template’; Desimone & Duncan, 1995), while also suppressing
irrelevant, distracting information (Gaspelin & Luck, 2018). As we have seen, in the plPFC,
some areas adjacent to and including the FEF possess a topographic organization (reviewed
in Section 2.3.1), thus being well adept to provide top-down location-specific modulation of
neural activity. In contrast, another set of areas have extensive receptive fields (Bichot et al.,
2015, 2019), which often encompass also the ipsilateral hemifield, which may account for the
global nature of their modulation on visual processing. Because the attentional template
needs to be held active during the task, it has been proposed that sustained, top-down
attention (both spatial and non-spatial) relies on the same neural machinery as working
memory processes, both in terms of their cognitive routines and the brain networks involved
(Chun et al., 2011; Gazzaley & Nobre, 2012; Zelinsky & Bisley, 2015). It is widely agreed
that perceptual attention and working memory are intimately linked (Awh & Jonides, 2001;
Baddeley, 1993; Olivers, 2008). Not only is it a crucial component of top-down perceptual
attention to keep templates for targets of the perceptual selection internally sustained over
time (e.g., Awh et al., 1998; Chun et al., 2011; LaRocque et al., 2013; Oberauer, 2019). In this
sense, Kiyonaga and Egner (2013) described the two components in an integrative account as
internal versus external selection processes, respectively. Experimentally, also many forms of
interactions have been described between working memory and attention (Olivers, 2008). For
example, Kim et al. (2005) showed that increased ongoing working memory load reduces
perceptual distraction. Similarly, eye movements systematically interfere not only with
attention but also with working memory (Lawrence et al., 2004). Further, Lepsien et al.
(2011) showed that voluntary attention shifts modulate the maintenance of working memory.
Finally, Mendoza-Halliday and Martinez-Trujillo (2017) demonstrated that in the lateral PFC
of the macaque, identical neuronal populations encode both perceived and memorized visual
features. Generally, when discussing attention control, it is worth emphasizing that an
attentional cue can be given with or without stimuli present in the environment (see, e.g.,
Figure 2a–c,e–h): if there are stimuli in the environment directly following the cue (e.g.,
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moving dots), it is more complicated to determine experimentally to which extent the neural
activity in the cue-target interval reflects top-down control signals as opposed to being
evoked by sensory input itself. In this section, we therefore build upon the hypothesis that
both attention and working memory functions are underlaid by overlapping prefrontal
activity. We will thus review in a unitary framework the evidence on how spatial and
non-spatial processes are mediated by the FEF and the IFJ, respectively.

Inspired by studies on non-human primates and the pioneering work of
Goldman-Rakic and colleagues (Goldman-Rakic, 1996; Scalaidhe et al., 1997, 1999; Wilson
et al., 1993), researchers originally investigated the segregation of spatial and object working
memory circuits in the human plPFC, but the evidence in support of this claim was mixed
(Rao et al., 1997; Wager & Smith, 2003, for a landmark meta-analysis of early neuroimaging
studies). Courtney et al. (1998) showed that a distinct cluster in the SFS (localized anteriorly
to the FEF) was predominantly involved in spatial working memory, rather than working
memory for object classes, such as faces. However, their interpretation was challenged by
Owen et al. (1998). They hypothesized that the difference in the involvement of dorsal and
ventral prefrontal regions was not due to the information content being encoded by these
regions (i.e., location vs. object information) but rather the result of dissociation in other
underlying cognitive processes. In particular, in their study, they showed that, when
monitoring requirements were precisely matched between the spatial working memory and
the non-spatial working memory task, both tasks elicited overlapping activations in the
mid-dorsolateral PFC (BA46 and BA9/46). Despite these contrasting results, the dispute was
far from settled and was from then on centred around how the plPFC acts as a gateway to
establish priority on sensory inputs to implement goal-driven behaviour, and the nature of its
selectivity to sensory information as opposed to the types of cognitive processes, the task’s
executive demands or practice with it (Constantinidis & Qi, 2018; O’Reilly, 2010; Wager &
Smith, 2003). More recently, thanks to the improvements in fMRI data acquisition, and the
availability of more sophisticated analytic tools (MVPA, and meta-analytic modelling
techniques), the hypothesis of dorsoventral segregation based on the selectivity of plPFC
neurons for spatial versus non-spatial informational content regained considerable interest in
the field (see, e.g., the meta-analysis by Rottschy et al., 2012, for the dissociation of working
memory activation foci related to object identity and location in the plPFC).

The initial neuroimaging evidence on the spatial selectivity in the FEF was strongly
tied to studies investigating the overlapping mechanisms of covert and overt (i.e., via eye
movements) visual selection (Deubel & Schneider, 1996; Hoffman & Subramaniam, 1995;
Kowler et al., 1995; Moore & Armstrong, 2003; Posner, 1980). Influenced by the premotor
theory of attention (Rizzolatti et al., 1987), these studies predicted that the same brain regions
involved in the planning and the execution of saccadic eye movements should also mediate
covert shifts of attention (Corbetta, 1998). Several independent groups found that covert and
overt spatial attention tasks consistently activated overlapping networks that included the
FEF. This lent indirect support to the hypothesis of a premotor origin of covert spatial
attention signals (Corbetta et al., 1998; Fiebelkorn & Kastner, 2020; Moore & Fallah, 2001;
but see Thompson et al., 1997; for evidence of a link between microsaccades and covert
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attention, see Lowet et al., 2018). Although following research has to some extent challenged
this view, for example, highlighting that in the FEF not all neurons have visuomotor and
motor functions (Schall, 2015), implying that covert and overt signals might originate from
different neural populations, these studies were pivotal in establishing the FEF as a core
region for spatial attention. The idea of spatial selectivity in FEF neural populations was
further strengthened by the observation of topographically organized maps in this region
(reviewed in Section 2.3.1), which encoded the attended location in a priority map via
sustained activity during the delay period of attention and working memory paradigms (Awh
& Jonides, 2001). Consistent with this view, a groundbreaking study by Jerde et al. (2012)
showed that in the sPCS (likely, within the FEF) and IPS2, decoding techniques could
cross-predict BOLD activity in the spatial tasks the subjects were performing (i.e., covert
attention, working memory or overt saccadic motor task; Figure 2c). Their MVPA classifier
was separately trained on each task’s data and predicted activation patterns in the two left-out
tasks, again showing that the networks involved in these functions share a significant degree
of overlap in the close vicinity of the FEF. Even more strikingly, this activity was shown to be
tied to the stimulus location (because the ROIs were extracted using retinotopic mapping),
thus providing a very elegant demonstration that these areas are primarily involved in
visuospatial selection, and agnostic to the behavioural response required (as one would
assume if the FEF and IPS worked as spatial priority maps). One critical aspect in
understanding the organization of the FEF is whether the tightly coupled functions of spatial
attention, oculomotor control and spatial working memory are all implemented strictly inside
the FEF, or involve also other adjacent brain areas, and whether they can be assigned to one
or multiple subdivisions of the FEF. Previous studies were not able to exactly clarify the
relationship between spatial attention and spatial working memory within the FEF, mostly
owing to the fact that topographic mapping techniques have not been yet standardized for
prefrontal regions and that previous studies often used hybrid (i.e., spatial and non-spatial)
visual stimulation paradigms to elicit activations in the FEF (Hagler & Sereno, 2006; Mackey
et al., 2017; Saygin & Sereno, 2008). In the rhesus macaque, the area involved in spatial
working memory lies immediately anterior to the FEF (BA46; Funahashi et al., 1989; Fuster
& Alexander, 1971), but the often incompatible arrangements of prefrontal areas and
inconsistencies in BA labelling prevent a straightforward translation of this anatomical
evidence from this species to humans (as previously discussed in Section 2.2.1). Kastner et al.
(2007) employed four purely spatial tasks to examine the relationship between spatial
working memory, spatial attention and oculomotor control in the FEF and to enable a more
direct comparison with the typical working memory paradigms used in the non-human
primate literature (Figure 2d). Their study showed considerable overlap between the
activations in the memory-guided saccade task and the spatial working memory tasks in the
sPCS/SFS (i.e., the FEF) and in the iPCS/IFS. The authors interpreted this finding proposing
that the iPCS/IFS region should be considered the human homologue of the region
specialized for spatial working memory in monkeys, which is not however fully consistent
with other comparative evidence (Constantinidis & Qi, 2018). Nevertheless, this study was
crucial in establishing the correspondence of spatial attention and working memory maps in
the plPFC (see also Srimal & Curtis, 2008, for correspondences within the FEF; the tasks
employed in the latter study are reported in Figure 2b).
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Regarding the hypothesis of feature and object selectivity in the vlPFC, early
neuroimaging studies on working memory (Owen et al., 1998; Wager & Smith, 2003) may
have failed to observe evidence in favour of it for a simple and yet crucial experimental
factor. When a stimulus is presented in the periphery, its features and identity likely need to
be bound to its actual location in the visual field, but this process is a by-product of the
spatial arrangement of the stimuli, and not universally valid for visual features that are not
bound to a specific location in space (e.g., if they are presented holistically over the complete
visual field). Although in everyday life visual features are often bound to specific locations in
the periphery, a much more stringent way to measure pure feature- and object-based
mechanisms is only achieved in experimental settings where no spatial information can be
used to solve the task at hand. Several paradigms meet this fundamental requirement, the
most common ones involving tasks in which the subjects are instructed to maintain fixation
and to perform the visual detection/discrimination of a target appearing in several
superimposed, spatially overlapping stimuli (Baldauf & Desimone, 2014; Carrasco, 2011;
Serences et al., 2004).

Another potential methodological issue of previous studies was that spatial and
non-spatial cues were often presented within the same experimental block (see, e.g.,
Giesbrecht et al., 2003), and this could have potentially biased the subjects’ strategies
(Slagter et al., 2007). In the study by Greenberg et al. (2010), the authors investigated
whether voluntary shifts of attention towards a location or a feature (i.e., colour) engaged a
common source in the attention networks. The participants were instructed to covertly attend
one of four clouds of moving dots, one red and one green dot cloud overlapping in the left
and right hemifield, respectively, and to either hold attention at the selected location and
switch colour (when the dots in the clouds moved downwards) or hold colour and switch
location (when the dots moved upwards). The results of their univariate analysis show that
the bilateral mSPL, FEF/supplementary eye field and left MFG/IFG all showed transient
responses to shifts of attention to both location and colour time locked to the cue.
Interestingly, MVPA revealed above-chance accuracy in the mSPL for location and colour
shifts, indicating that this region may host neural populations that are tuned to spatial and
feature information. Although these results importantly suggest that several regions in the
PFC may act in coordination to perform shifts of spatial and feature-based attention, they do
not reveal the temporal structure and the interplay between those processes, as the
experimental set-up used visual features in the periphery, mixing spatial and non-spatial
selection processes. Liu et al. (2011), on the contrary, targeted purely feature-based
attentional mechanisms in an fMRI study. The authors conducted two experiments in which
the subjects were asked to attend to motion and colour information to detect random increases
in dot motion velocity and luminance, respectively, on stimuli superimposed at the central
fixation (Figure 2f). In their deconvolution univariate analysis, they identified four regions in
which activity was sustained above baseline during both tasks: the aIPS, FEF, vPCS and the
medial superior frontal gyrus. MVPA revealed that signals related to colour and motion could
be classified above chance in all these ROIs, including the FEF. Thus, the authors interpreted
these findings by proposing that PFC may represent attentional priority, regardless of the type
of attended feature. Unfortunately, however, overt eye movement behaviour was not
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controlled inside the scanner leaving the possibility that systematic eye movement patterns
contributed to the signal decoded from the FEF.

Using similar stimuli with centrally presented dot clouds, Zanto et al. (2010)
combined fMRI and EEG to investigate the top-down modulation of feature processing
during working memory encoding. In their task, participants viewed four sequential frames of
overlapping dots and had to remember either their colour or motion direction and ignore the
opposite dimension to respond to a probe stimulus (Figure 2h). In the fMRI experiments,
areas V4 and V5/hMT+ (selective for colour and motion information, respectively) were
localized at the subject level using a one-back working memory task. Seed-based functional
connectivity of these regions was then used to identify the regions that exhibited increased
connectivity in the attend colour versus ignore motion (and vice versa) condition of the
experiment. This analysis revealed that only the IFJ was involved in the modulation of both
V4 and V5/hMT+ activities and that the putative sources of this modulation formed part of
separate subregions in the former. EEG source localization was used to analyse the temporal
profile of activity corresponding to the right IFJ and three posterior sites because V4 activity
modulation correlated with increased V4-to-right IFJ functional connectivity. Phase-locking
values between the rIFJ and central electrodes in the 70- to 200-ms window of interest in the
alpha frequency band were significantly greater when recall performance was above the
median in the colour task. This analysis of coherence suggests that the alpha band might
reflect top-down modulation of colour processing. The authors also highlighted that the rIFJ
subregion involved in motion processing is more dorsal, whereas the colour subregion is
more ventral, thus providing evidence that the segregation of the visual streams extends up to
the plPFC within the IFJ.

In the study by Sneve et al. (2013), evidence of the transient role of the IFJ was found
during the performance of a working memory task requiring delayed orientation
discrimination. In particular, this study found increased bilateral activity in the IFJ during the
encoding process compared with a control task where no working memory encoding was
required and instead the orientation discrimination was performed immediately. This result
was complemented by significantly elevated activity relative to baseline during the delay
period in the FEF and aIPS, but no evidence of this pattern in the IFJ, implicating the former
regions in working memory maintenance. Finally, the authors also used Granger causality to
model the effective connectivity between the IFJ, FEF and aIPS. They showed that IFJ
activity during working memory encoding predicts activity in the FEF and aIPS during the
maintenance phase and therefore suggested that the IFJ is involved in sending top-down
signals to these regions to initiate working memory maintenance processes. Despite being
limited by some of the intrinsic weaknesses of the Granger causality analysis (Seth et al.,
2015), this study was to the best of our knowledge the first that using this technique reported
directed interactions between the IFJ and FEF during the performance of a feature-based
working memory task. Finally, Zhang et al. (2018) performed two fMRI experiments using
feature-based attention tasks on colour and motion stimuli to investigate the source(s) of the
spatially global effect of feature-based attention on visual activity (shown in Figure 2e). In
their paradigm, subjects were cued to attend either the colour (red/green) or the motion
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(upward/downward) of a group of dots displayed in the left or the right visual hemifield,
while ignoring the dots on the other (which could share the attended feature or not). The
authors also ran two localizer tasks at the beginning of each experiment and used a general
linear model to identify the ROIs activated by the stimulus type (V4 for colour features and
MT+ for motion features) and by the blocked experimental task (feature-based task vs.
control task, activating the IPS, FEF, IFG and the medial frontal gyrus). They showed that V4
and MT+ activity was significantly elevated when they presented a matching feature to the
one attended in the to-be-ignored visual hemifield compared with a mismatching one. This
result thus replicated the classic global effect of feature-based attention (Serences & Boynton,
2007). Then, the authors used dynamic causal modelling to evaluate 15 different models that
could potentially account for feature-based modulatory effects on neural activity in the
‘same’ condition in each participant. By comparing the exceedance probabilities (computed
using a Bayesian hierarchical approach) of each model, they revealed that a model with
feedback modulation from IFJ to V4 and MT+ (which interestingly was also enhanced in the
contralateral compared with the ipsilateral hemisphere) was better able to account for the
results of both Experiments 1 and 2, respectively. A converging interpretation was also
suggested by the fact that the attention modulation index correlated significantly with the
effective connectivity strengths from the IFJ. In an additional control analysis that also used
dynamic causal modelling, by evaluating several families of models, the authors showed that
signals recorded in the IPS, FEF, IFG and the medial frontal gyrus were also driven by the
modulation from the IFJ, thus excluding the possibility that the effects on V4 and MT+ could
be due to a third node of the network. They complemented this analysis by Granger causality
measures, which in contrast to dynamic causal modelling (that requires the specification of a
priori ROIs), can be used as a fully data-driven technique. This showed that the IFJ was the
node with the greatest outflow and net- flow degree, whereas V4 and MT+ were the nodes
with the greatest inflow. In summary, by combining the accurate localization of the ROIs with
the analysis of their effective connectivity, this study presents compelling evidence that the
IFJ can be considered as the source of the global effect of feature-based attention.

Taken together, the studies reviewed thus far point to an involvement of the IFJ in
both feature-based attention and working memory, but can the IFJ be considered part of a
purely non-spatial system? For this to be the case, evidence that attentional selection in the
IFJ operates at the level of whole objects (i.e., as object-based attention) is crucial. As we
have seen, disentangling non-spatial processes at the behavioural level requires sophisticated
experimental techniques and designs that render spatial information irrelevant during the
execution of the task. Furthermore, studying object-based control processes requires also
ruling out the possibility that the partici- pants could rely on low-level features to perform the
task. In this sense, the study by Liu (2016) was designed to explicitly test and isolate neural
processes related to purely object-based attentional selection. In the experi- mental paradigm
of this study, participants were pres- ented with superimposed visual stimuli (Gabor patches)
that simultaneously changed in spatial frequency, orientation and colour, thus making both
spatial- and feature- based selection ineffective for task completion (see Figure 2g). At the
beginning of each trial, one of the patches was cued, and the subjects had to track it to
perform a change detection task. By using MVPA on the trials in which the subjects did not
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make a response (to exclude motor and decision-making components), the study showed that
the attended object could be decoded above chance in the bilateral IFJ, FEF and aIPS,
providing evidence of purely object-based priority signals in these regions.

Critically, even though all the regions reported in most of the previous studies (i.e.,
the IFJ, FEF and IPS) are implicated in top-down modulation, measuring the temporal profile
of their involvement in spatial and non-spatial processes is crucial to firmly establish which
are the sources of the modulation within the attention networks. In contrast to fMRI, MEG is
ideally suited to measure neural activity with a high temporal resolution and to reveal the
statistical interdependence of signals originating from different cortical sources (see Gross,
2019, for a recent discussion of MEG unique strengths). Furthermore, combining the spatial
accuracy afforded by fMRI localization techniques with MEG by reconstructing a realistic
head model of the subjects, and mapping the magnetic signals to the source space by
computing the inverse solution, arguably represents the most detailed non-invasive method to
measure ongoing prefrontal activity in human subjects. Baldauf and Desimone (2014) used
precisely the combination of these two methodologies (i.e., fMRI and MEG) to uncover the
role of the IFJ in object-based attention. In their paradigm, the participants were instructed to
detect the repetition of a target presented among superimposed pictures of faces and houses
(Figure 2i). The task was a one-back repetition, and the participants were cued about which
type of stimuli they had to attend (face vs. house) at the beginning of each trial. The stimuli
were presented rhythmically at 2 and 1.5 Hz, respectively, by manipulating their phase using
a phase-scrambling technique, thus generating two overlapping streams of frequency-tagged
objects. The authors capitalized on this feature of their experimental design to investigate the
coherence between the source and the target nodes of top-down object-based attentional
modulation. Firstly, they identified the ROIs that were involved in face and house processing
(the fusiform face area [FFA] and the parahippocampal place area [PPA], respectively) and
spatial, feature- and object-based attention (the FEF and IFJ, respectively) by running three
different blocked-design fMRI localizer tasks. The ROIs obtained by this procedure were
then projected on the native cortical surface to analyse MEG signals in source space. Their
results showed that, when attending to the preferred stimulus, FFA and PPA increased their
coherence with the IFJ in the tagging stimulus frequency and also in the gamma frequency
band (60 to 90 Hz), although the specific peak varied considerably between subjects.
Furthermore, in nine out of the 12 subjects, the phase lags between the IFJ and FFA and PPA
increased linearly depending on the frequencies, suggesting that IFJ cyclic responses were the
driver of FFA and PPA responses to the stimuli with an approximate lag of 20 ms (which is
presumably due to signal’s transmission time). This interpretation is consistent with the
communication through coherence framework (Fries, 2005), which postulates that
transmitted spikes need to arrive at the right time in order to render the communication
between areas effective (within windows of opportunity; that is, periods of maximal
depolarization). According to the authors, the IFJ would be indeed best suited to bias neural
activity in object identification modules in the temporal lobe by coupling its activity with
these sites depending on the task requirements, in a remarkably similar manner to the FEF
shifting spatial attention towards different spatial locations.
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In the study by Nee and D’Esposito (2016), which innovatively related the IFJ to
general principles of functional organization in the PFC (e.g., Koechlin et al., 2003), the
authors orthogonally manipulated task demands related to stimulus domain, contextual and
temporal control, to engage three main sections of the lPFC (defined rostral, mid and caudal).
Their univariate fMRI results revealed that the contextual and stimulus domain manipulation
activated the left IFJ but that rostral areas were exclusively employed by the temporal
manipulation, reflecting an increased abstraction level in the control of behaviour by these
three subregions. Subsequently, they analysed whether, and at which level of the
rostro-caudal axis, stimulus sensitivity emerged. In the caudal PFC, particularly, the dorsal
parts (SFS and cMFG) were sensitive to spatial information, whereas the ventral parts were
more sensitive to verbal information (IFJ and IFS), but the rostral regions did not show this
pattern. Finally, dynamic causal modelling revealed that the mid regions of the IFJ had a
stronger efferent connection to both rostral and caudal ones, rather than vice versa, thus
positioning them at the apex of the lPFC hierarchy. These results are particularly relevant
because they again demonstrate a robust stimulus domain sensitivity in the plPFC and also
clarify the directed influence of more rostral sites (i.e., the cMFG and the IFS) to the SFS and
IFJ, which may be involved in more integrative cognitive processes, such as spatial and
object-based working memory, and the executive control of action.

We would like to conclude this section by discussing two recent studies on the role of
the IFJ in non-spatial attention. Gong and Liu (2020) investigated whether the IFJ encodes
information about the attended feature itself (e.g., which colour is currently attended) using
MVPA. In a large sample of 48 subjects, they found that the bilateral IFJ contains a neural
representation of the currently attended visual feature. Employing compound stimuli, which
consisted of two orthogonal features (i.e., red vs. green colour and clockwise vs.
counterclockwise motion), they were able to show that the IFJ had a bias to consistently
encode the attended feature better than the unattended. Similarly, Meyyappan et al. (2021)
studied the role of the IFJ in feature-based attention but, most importantly, directly contrasted
its involvement in non-spatial attention to visual features with its involvement in spatial
attention by including both forms of top-down control within a single paradigm. By analysing
fMRI activity in individual trials with univariate general linear models and MVPA, they
found that the univariate BOLD activity showed no difference in plPFC between
feature-based and spatial-based attention. However, the MVPA classifier revealed significant
decoding accuracy of feature attention in the bilateral IFJ, while the same structure did not
encode sufficient information about spatial attention in order to allow above-chance level
classification of the attended location. To explain these results, the authors propose a model
in which (the right) IFJ guides feature-based attention but not (covert) spatial attention during
the cue-target interval.

In summary, although the recent neuroimaging studies that were in part influenced by
the hypothesis of spatial versus feature and object selectivity in the plPFC present a more
nuanced view of this segregation in the FEF and IFJ, they nevertheless confirm the
overarching idea (mainly, thanks to the improvements in data analysis techniques, such as
MVPA) that the former is predominantly involved in processing spatial information, whereas
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the latter is predominantly involved in processing non-spatial information. Moreover,
functional and effective connectivity metrics revealed that the coordination of spatial and
non-spatial selection requires the communication between the FEF and IFJ and posterior
areas, in which the FEF assumes the role of a spatial ‘priority map’, whereas the IFJ biases
non-spatial visual processing and acts more as a control structure that allocates attentional
resources depending on the task at hand in a flexible way. An interesting question to address
seems therefore whether the role of the IFJ in cognition is more multifaceted than the role of
the FEF, which could be thought of as more specialized. This would seem reasonable from a
comparative perspective because the PFC and the information processing stream in which the
IFJ is hypothesized to be embedded (O’Reilly, 2010) is one of the brain districts where
humans diverge the most from other primates in terms of its size and relative organization
(Donahue et al., 2018; Eichert et al., 2020; Kravitz et al., 2013; Mars, Sotiropoulos, et al.,
2018). In the next section, we will attempt to expand on this view by discussing it in the light
of the multiple-demand system hypothesis (Duncan, 2010).

2.3.4 | Multiple-demand system (inclusion in the multiple-demand system)

In its essence, the multiple-demand hypothesis is built around the idea that a limited
set of brain regions are all involved in many aspects of high-level, goal-driven cognitive
processes that collectively give rise to intelligent behaviour. The primary sources of empirical
support for this hypothesis (together with single-cell recordings in primates) are fMRI studies
that identified overlap in frontal and parietal regions between the activity elicited by a wide
range of tasks and resting-state functional connectivity patterns (Duncan, 2010).
Traditionally, the prefrontal areas that are thought to be part of the multiple-demand system
are localized within and posterior to the IFS, thus likely encompassing the IFJ (Duncan,
2010; Fedorenko et al., 2012). Fedorenko et al. (2013) tested the hallmark of the
multiple-demand hypothesis by measuring brain activity using fMRI in several diverse
experimental paradigms, which included reading sentences and non-sentences, performing a
memory-probe task (used as localizer in all the subjects) and optionally performing one or
more of the following tasks: a spatial and verbal working memory task, a Stroop task, two
versions of the multisource interference task and an arithmetic task. Each task was
administered in an easy versus hard version in a blocked experimental design. Crucially, all
the analyses were performed in the native subject space to directly probe the degree of
overlap in the activations elicited by these paradigms. The results clearly showed that a set of
frontal and parietal regions is consistently activated by the global contrast of the respective
hard versus easy task versions. Of interest to the scope of the present review, the activations
were found all along the premotor regions of the precentral gyrus, in the MFG and in the
posterior IFG. It is important to note that although this pattern of activation is consistent with
the multiple-demand system hypothesis, the authors left open the possibility that other
dissociations exist among the regions that form part of this system. In support of this
possibility, the study by Noyce et al. (2017) attempted to reconcile the multiple-demand
account with the results by Michalka et al. (2015); reviewed in Section 2.3.1) that reported
the existence of sensory selectivity in the lPFC. In their fMRI study, they used two visual and
auditory two-back tasks to probe lPFC responses in a new paradigm modified and adapted
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from the study by Michalka et al. (2015). With this, they indeed replicated and extended their
original finding of four interleaved visual and auditory sensory regions in the lPFC. By
leveraging the fact that seven subjects participated in the previous study, they also computed
a Dice coefficient on the activations found in the present study, which all had significant
spatial overlap (ranging between 0.57 and 0.7). Finally, by averaging visual and auditory
activation and contrasting them with the averaged sensorimotor control activation patterns,
the authors introduced the concept of a degree of multiple-demand responsiveness. This
degree spanned from areas that did not show any sensory bias, but only working memory
activation, in the anterior insula cortex and in the dorsal anterior cingulate
cortex/pre-supplementary motor area (thus labelled ‘pure’ multiple-demand areas), to areas
showing a bias towards visual modality, but also increased activation in the working memory
task in their non-preferred modality (i.e., with auditory stimuli) in the iPCS and the right
sPCS (therefore considered ‘partial’ areas). These results are particularly interesting in that
they show that the iPCS and sPCS (which are the closest anatomical landmarks to the IFJ and
FEF, respectively; see Section 2.2.2) encode sensory-specific visual information but that they
may as well process general domain signals that globally support attention and working
memory functions (Noyce et al., 2017).

In the study by Muhle-Karbe et al. (2017), the authors investigated the encoding of
novel task instructions (i.e., the task set) and its relationship to the multiple-demand system.
In particular, their fMRI study aimed to measure activations during the delay period to
disentangle activity related to the preparation of novel stimulus-response mappings from their
simple memorization. The participants were instructed to respond to face and house stimuli
by pressing a button with their index or middle finger, or to simply report whether a probe
contained matching or mismatching instructions compared with the initial display shown
before the delay period. The decoding accuracy of brain activity using MVPA was higher
than chance during the delay period in the blocks requiring the implementation of novel
stimulus-response mappings and significantly increased compared with the memorization
blocks in the IFJ, the FFA and the PPA. Thus, these results argue in favour of a role of the IFJ
in encoding abstract task rules (in this case, stimulus-response mappings) and in the
maintenance of working memory representations, which were less accurately decoded in this
study, although they were also likely contributing to the overall activation patterns.

Finally, in the most comprehensive analysis of the multiple-demand system available
to date, Assem et al. (2020) combined the accurate alignment of cortical areas across subjects
using improved registration methods (Robinson et al., 2014) with the parcellation of the
individual cortex using the MMP1 by Glasser et al. (2016) in a very large sample of subjects
(n = 449 subjects from the Human Connectome Project; Van Essen et al., 2013) to answer
five core questions of the multiple-demand hypothesis (we will focus here only on the
delineation of the multiple-demand system; the reader is referred to the original publication
for further details). By performing a conjunction analysis on three fMRI tasks that should
activate the putative multiple-demand regions (viz., a working memory n-back task, a
relational reasoning task and a math/story task), the authors identified areas that formed part
of the ‘penumbra’ and the ‘core’ multiple-demand system by computing the parcels that had
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stronger mean activations compared with the initial 27 parcels of the ‘extended’
multiple-demand system. Interestingly, both the area IFJp (activated by the relational
reasoning and the math task contrasts) and the area i6-8 (activated by all three task contrasts
and preferentially by the working memory task) that lies immediately anterior to the FEF
were included in the core multiple-demand system. An additional analysis using contrasts
with weaker cognitive demands in the working memory and relational reasoning tasks
identified additional foci in the FEF and anterior IFJ (IFJa), among others. This suggests that
these regions may display partial multiple-demand characteristics and that this possibility
may need further scrutiny. However, as shown by the analysis of resting-state functional
connectivity, the core regions were more strongly interconnected, and all belonged to the
frontoparietal network (Ji et al., 2019), confirming the reliability of the multiple-demand
system delineation proposed by the authors.

In conclusion, several papers have now reported the involvement of the IFJ in the
multiple-demand system, thus reinforcing the hypothesis that this area may have a broader
role in cognition compared with the FEF. This idea is consistent with the view that the
visuospatial attention system is evolutionarily older and its organization is well preserved in
primates (Caminiti et al., 2015), whereas the vlPFC, and its projections to the
temporo-occipital cortex, might underlie the emergence of more complex human behaviours
(Eichert et al., 2020; Mars, Sotiropoulos, et al., 2018; Neubert et al., 2014).

2.4 | CONNECTIVITY FINGERPRINTS

We began the present review by introducing the hypothesis that the function of a brain
region is ultimately determined by its intrinsic and extrinsic connectivity fingerprints and its
structural properties (Passingham et al., 2002). At a time in which network neuroscience has
become so prominent, we would almost take this hypothesis to be self-evident. However, it
wasn’t until recently, with the advent of big data approaches (thanks to the availability of
extensive neuroimaging public datasets and repositories; e.g., Van Essen et al., 2013), that
this hypothesis could be experimentally tested (Mars, Passingham, & Jbabdi, 2018). This
section will thus focus, wherever feasible, on such approaches aggregating large amounts of
multimodal neuroimaging data to model the structural and functional connectivity of the
plPFC. Furthermore, an appropriate emphasis will be put on comparative evidence,
particularly in the case of non-invasive methodologies that allow inferring brain connectivity
but have not been thoroughly validated yet (i.e., diffusion magnetic resonance imaging
[dMRI]; Donahue et al., 2016; Maier-Hein et al., 2017; van den Heuvel et al., 2015). In the
following sections, we will discuss studies that adopted a seed-based approach to analyse
specific ROIs connectivity to answer well-defined research questions about the structural and
functional connectivity of the plPFC.

2.4.1 | Structural connectivity

In contrast to non-human primates, and in particular, the macaque, in which the tracer
studies performed in the last decades have enabled the detailed mapping of the brain’s
architecture and structural connectivity of this species (Barbas & Pandya, 1989; Felleman &
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Van Essen, 1991; Kötter, 2004; Markov et al., 2014), in humans, this knowledge is
predominantly based on dMRI (Jeurissen et al., 2019). Although this methodology has held
the promise of revealing non-invasively the structural connectivity and white-matter
structures of the human brain at a level of detail comparable with invasive and ex vivo
studies, it is still affected by biases, false positives and common methodological
misconceptions in the research community itself (Jeurissen et al., 2019; Maier-Hein et al.,
2017). These limitations notwithstanding, it has also allowed researchers to probe the
structural connectivity of large populations with a variety of algorithms to investigate a
growing set of measures related to major white-matter bundles, local tissue properties and
further down to tissues microstructure. In addition, the combination of dMRI with fMRI
allows researchers to investigate the structural connectivity of functionally defined seeds and
its relationship to functional connectivity, based on the idea that the underpinning of
functional connectivity lies in structural connectivity. Although this relationship is difficult to
establish due to inherent methodological limitations and it is certainly still controversial,
some studies that combined these methods have shown remarkable results in how structural
connectivity can be used to predict task-fMRI activations in several specialized brain
modules (Osher et al., 2016; Saygin et al., 2012).

In terms of our knowledge of the structural connectivity of the plPFC, as mentioned
earlier, comparative evidence provides a solid foundation against which dMRI results in
humans can be usefully related (Schall et al., 1995; Stanton et al., 1995; Webster et al., 1994;
Yeterian et al., 2012). In one of the earliest comparative dMRI studies, Croxson et al. (2005)
described the structural connectivity of the human PFC using probabilistic tractography
(Behrens et al., 2003) and compared it with the macaque’s, revealing striking similarities in
the structural connectivity patterns in the two species. The following studies have primarily
focused on establishing a relationship between the PFC association tracts (Croxson et al.,
2005) and subregions involved in specific functions, among which visuospatial attention. In
an outstanding contribution to the understanding of the structural underpinnings of
visuospatial selection, de Schotten et al. (2011) initially compared the organization of the
three branches of the superior longitudinal fasciculus (SLF) in the rhesus macaque
(atlas-based) and humans (n = 20; for which they had also available ex vivo data from a single
subject as ground truth) by performing the virtual dissection of this bundle (Figure 3a). The
authors moreover identified the cortical terminations of the SLF and their relationship with
the functional activation profiles of the DAN and VAN originally proposed by Corbetta and
Shulman (2002). From their study, it emerges that the FEF is reached by the cortical
terminations of the SLF1 and SLF2. In contrast, the IFJ is mostly reached by the terminations
of the SLF2 and SLF3 (even though it is important to note that in this study these ROIs were
only defined at the group level), potentially highlighting a dissociation in the macroscale
anatomical connectivity of these two areas. In Umarova et al. (2010), the authors combined
fMRI—employed to define the nodes involved in visuospatial processing using an
endogenous cueing task—with probabilistic tractography, to analyse their reciprocal
structural connectivity in 26 participants. This study showed that, in the right hemisphere, the
FEF is wired through the SLF2 to the temporoparietal cortex, revealing a dorsal white-matter
pathway from the FEF passing within the inferior parietal lobule to the IPS, the
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supramarginal gyrus, the caudal superior temporal gyrus and V5/MT+. The study by
Anderson et al. (2012) employed a similar logic to measure the structural connectivity
between the nodes involved in oculomotor control, including the FEF, the supplementary eye
field and the premotor eye field. These nodes were defined using an fMRI localizer task that
consisted of alternating blocks of voluntary horizontal saccades performed in darkness and
fixation blocks. The reconstructed streamlines from the FEF showed terminations in the
inferior parietal cortex (the anatomically defined IPS1, IPS2 and IPS3), with a higher
streamline count in the right hemisphere, potentially suggesting right lateralization of this
pathway. Although one limitation of this study is that the tractography model adopted was a
deterministic one, these results fit well with the study by Umarova et al. (2010). Moreover,
they are consistent with the available evidence in macaques (in particular, of a pathway
connecting the FEF with the lateral intraparietal area, the putative homologue of the IPS in
humans; Stanton et al., 1995). Finally, Szczepanski et al. (2013) aimed at distinguishing the
contribution of DAN nodes to viewer- and object-centred processes (these nodes were
defined using a memory-guided saccade topographic localizer fMRI task). By analysing
dMRI data using probabilistic tractography, they showed that the FEF was more likely
connected with IPS2 than with SPL1. Vice versa, the supplementary eye field was more
likely connected with SPL1 than with IPS2. Their study provides evidence for a model in
which FEF-IPS2 structural and functional connectivity support viewer-centred processing,
whereas the supplementary eye field-SPL1 structural and functional connectivity support
object-centred processing, therefore effectively dissociating gaze- and object-centred
representations. In summary, the reviewed evidence on the FEF suggests that this region
exhibits reproducible patterns of structural connectivity with the parietal lobe and particularly
with the IPS complex. As we have already reviewed in Sections 2.3.1 and 2.3.2, the IPS
belongs to the DAN, and it is also topographically organized, while being often proposed as
the locus of a priority map of space, similarly to the FEF (Fecteau & Munoz, 2006).

Unfortunately, the seed-based structural connectivity analysis of the IFJ suffers from a
remarkable lack of data. Moreover, to the best of our knowledge, no publication reported
evidence on the structural connectivity of the functionally defined IFJ. Baldauf and Desimone
(2014) analysed the structural connectivity of the FFA and PPA (localized using fMRI) using
probabilistic tractography. They then used the outputs to classify subregions in the PFC based
on their probability values. The authors were able to show that the regions that display a
higher likelihood of being structurally connected with the FFA are localized in the vicinity of
the IFJ, in the pars triangularis, the pars opercularis and the cMFG. However, the
extrapolation from these results of structural connectivity patterns in the opposite direction
(viz., from the IFJ to FFA and PPA) is prevented by the fact that probabilistic tractography
results are strongly affected by the location where the streamlines are initialized to propagate.
Thus, evidence from the seed-based analysis of the structural connectivity of the IFJ is
needed to complement these findings. Finally, the authors also used a deterministic
tractography algorithm to perform a virtual dissection of the white-matter bundles that
connect the PPA and the FFA to the pars opercularis (which includes part of the IFJ) and
suggested that the uncinate fasciculus underlays these structural connectivity pathways.
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FIGURE 3 Structural connectivity and resting-state functional connectivity of the posterior
lateral prefrontal cortex. (a) depicts the comparison between the organization of the three
branches of the superior longitudinal fasciculus (SLF) in macaques and humans. This
frontoparietal bundle was delineated using a virtual dissection protocol in 20 adult
participants (adapted from de Schotten et al., 2011). (b) presents a summary of the findings
from the study by Parlatini et al. (2017). The activation maps resulting from an fMRI
meta-analysis of 14 distinct cognitive functions were clustered using a principal component
analysis in a ‘spatial/motor’ and a ‘non-spatial/motor’ component (b, right side). These maps’
z scores were related to the cortical terminations of the three branches of the SLF obtained
from a large sample of participants (n = 129), suggesting that the SLF1 could preferentially
mediate ‘spatial’ processes, whereas the SLF3 could preferentially mediate ‘non-spatial’
processes. The SLF2 overlapped with both activation components, therefore possibly
underlying their interactions (b, left side). (c) The dorsal and the ventral attention networks
identified for the first time during resting-state fMRI in the study by Fox et al. (2006). These
spontaneous activity patterns show high resemblance to the two attentional systems proposed
by Corbetta and Shulman (2002) and highlight the potential of resting-state data to reveal
stable modes of organization of the attention networks in the absence of task demands (see
also De Pasquale et al., 2010, for converging evidence on the organization of the DAN using
MEG). (d) Seed- based analysis of resting-state fMRI functional connectivity of the FEF and
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the ventro-caudal prefrontal region (PrCv) from the study by Yeo et al. (2011). The authors
defined the former nodes by performing an fMRI meta-analysis and using a separate
discovery sample, respectively, and employed a data-driven approach to probe their
connectivity patterns. In a subsequent stage, they tested them in an independent replication
sample in a confirmatory fashion. They found that within the posterior parietal cortex, the
medio-caudal SPL showed increased functional coupling with FEF, whereas the lateral IPS
complex showed increased functional coupling with PrCv in their replication sample. These
results suggest segregated parallel pathways from the plPFC to the SPL and the IPS complex

Finally, one of the most significant contributions to the characterization of the relationship
between the structural connectivity and the function of the plPFC can be found in the study
by Parlatini et al. (2017). The authors combined the fMRI meta-analysis of 14 different
cognitive domains with the virtual dissection of the SLF in a large sample of participants (n =
129; Figure 3b). The study aimed to reveal how the three branches of the SLF relate to the
functional specializations of the areas that belong to the frontoparietal network. Importantly,
the virtual dissection of the SLF was performed using a modified version of spherical
deconvolution (Dell’Acqua et al., 2010), which allowed it to preserve its organization in three
distinct branches, despite the presence of crossing fibres near the corona radiata. In their
meta-analysis, the authors clustered frontoparietal regions’ co-activations into two
components using a principal component analysis. This analysis revealed that two
components, referred to as a ‘spatial/motor’ component and a ‘non-spatial/motor’
component, were together able to account for 70% of the co-activation data variance.
Crucially, the average z scores (thresholded at 50%) of these components differentially
loaded on the SLF1 and SLF3 cortical terminations, respectively. The SLF2 terminations
instead overlapped with both components (for which the shared activations were mainly
localized within BA6 in the PFC), and this bundle was therefore suggested to underlie the
interactions between these two functional components. Based on the figures from this study
(in particular, fig. 6; shown in the left middle row of Figure 3b), we speculate that the IFJ
may be localized near SLF2 and SLF3 terminations, thus suggesting anatomical pathways
through which the IFJ could mediate ‘non-spatial/motor’ functions. We therefore propose that
future studies should specifically address the question of how the cortical terminations of the
three branches of the SLF relate to functional subdivisions of the PFC.

2.4.2 | Resting-state functional connectivity

One of the major breakthroughs in the study of the brain networks involved in visual
attention has been the observation that the coupling between BOLD activity in different brain
regions measured during the performance of attentional tasks is preserved in resting-state
conditions (Fox et al., 2006; Figure 3c). These spontaneous activity patterns again confirmed
the existence of a bilateral DAN (with the FEF and IPS as main nodes) and a right-lateralized
VAN (with the ventral frontal cortex and TPJ as main nodes). Due to the overlap of
activations in the right MFG and IFG, Fox et al. (2006) suggested that these nodes could
mediate the interaction between the DAN and VAN. Importantly, in a subsequent study by De
Pasquale et al. (2010), the authors used fMRI coordinates to define the DAN nodes in MEG
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source space and validated the segregation of this network and its correspondence with the
network isolated by resting-state fMRI. Such multi-modal combinations highlight the
potentiality of MEG to characterize the spectral characteristics of resting-state networks and
their temporal dynamics (De Pasquale et al., 2010). Therefore, one of the most intriguing
questions is how spontaneous neural activity (as measured with fMRI or MEG) could provide
a window into the reciprocal interactions and the functional differentiation of the FEF and
IFJ. Furthermore, it would be fascinating if such resting-state activations can be used to
subdivide the attention networks at an even finer grain, for instance, by stimulus domain (i.e.,
spatial vs. non-spatial), rather than the more prevalent top-down versus bottom-up functional
dichotomy (Corbetta & Shulman, 2002).

An alternative classification of the resting-state network organization of the plPFC
was presented in the fMRI study by Cole and Schneider (2007). To define their ROIs, the
authors used a modified search task that entailed working memory encoding and maintenance
while allowing the separation of these processes from stimulus-response mapping. They
subsequently analysed the functional connectivity between these previously defined six
bilateral ROIs, including the IFJ and dorsal premotor cortex, in resting-state conditions. They
showed that these nodes had higher functional connectivity than six different nodes engaged
in domain-specific processes, highlighting a cognitive control network (Cole & Schneider,
2007). In a similar vein, Vincent et al. (2008) analysed the seed-based functional connectivity
of the anterior PFC to probe whether this region belongs to an anatomically segregated
control network that could mediate the communication between the anti-correlated DAN and
the hippocampal-cortical memory system (a component of the default mode network). A
remarkable methodological strength of this study is that the bilateral aPFC network was
delineated in a first dataset (n = 10), but the remaining seeds (MT+ and the hippocampal
formation) were defined through a correlation analysis in a second dataset, and finally that
the segregation of the networks was tested in a yet third, independent dataset (n = 50 and n =
45). The authors were able to show that a frontoparietal network is interposed between the
DAN and the hippocampal-cortical memory system with minimal overlap. An important
refinement of the proposed role of the frontoparietal network was formalized by Cole et al.
(2013). The authors of this study tested participants in a variety of fMRI tasks involving the
implementation of novel instructions and showed that the frontoparietal network exhibited
two general properties that are consistent with its role as a flexible hub network: (1) greater
global variable connectivity compared with the other resting-state networks and (2)
compositional coding of information as reflected in its activity patterns during task
performance. Following this evidence, and the studies reviewed in Section 2.3.4, it would
seem reasonable to implicate the IFJ in the frontoparietal network, in accordance with its role
as an executive control structure that belongs to the multiple-demand system (Assem et al.,
2020).

In one of the most influential resting-state fMRI network parcellation (Yeo et al.,
2011; n = 1000), the FEF (as defined through an fMRI meta-analysis) was reported to be part
of the DAN and showed increased functional connectivity with the caudal IPS and SPL,
whereas the ventro-caudal frontal region (termed the PrCv, and defined in an independent
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fMRI ‘discovery sample’; Yeo et al., 2011; likely encompassing the IFJ), which was also part
of the DAN, showed increased functional connectivity with ventral parts of the rostral IPS
and SPL (Figure 3d). In their replication sample, the authors again found evidence of
increased functional coupling between FEF and the medio-caudal SPL and between PrCv and
the rostro-lateral IPS complex. This combination of a data-driven and a confirmatory
approach represents a powerful methodology to uncover novel organizational principles of
functional interactions between the PFC and posterior areas. Finally, according to the recent
resting-state fMRI network partition by Ji et al. (2019; whose nodes are in turn based on the
MMP1 parcellation), the FEF is part of the cingulo-opercular network, and the IFJp is part of
the frontoparietal network, whereas the IFJa is part of a newly defined language network.

2.4.3 | Meta-analytic connectivity modelling

The plPFC engages with multiple regions dispersed all over the brain, making the
process of reporting its co-activation patterns in all possible experimental scenarios a
daunting task. However, thanks to the technique known as meta-analytic connectivity
modelling (MACM; Robinson et al., 2010), the results from multiple fMRI experiments
involving a common seed region can be efficiently summarized, used to probe specific
hypotheses about regional segregation and made accessible to the neuroscientific community.
In the last decade, several studies have used this meta-analytic technique to model plPFC
co-activations, including the FEF and IFJ. Sundermann and Pfleiderer (2012) published one
of the most detailed analyses of the functional connectivity of the IFJ, combining an ALE,
MACM and an independent resting-state fMRI analysis. The authors used the coordinates
provided in Derrfuss et al. (2005) to retrieve from the BrainMap database
(http://brainmap.org/) all the foci that were co-activated with the putative IFJ seed, in a way
that effectively makes their ROI definition agnostic for anatomical descriptors and functional
specialization of this region. Their MACM results (which were drawn from 180 experiments
for the left IFJ and 131 for the right IFJ) reveal that the IFJ is robustly co-activated with the
dlPFC and the vlPFC, the MFG/pre-supplementary motor area, the anterior insula, the
posterior parietal cortex and the occipitotemporal junction, among others. The authors
interpret these findings as largely consistent with the proposal advanced by Cole and
Schneider (2007) that identifies the IFJ as one of the crucial nodes of the cognitive control
network, an interpretation that was further supported by the resting-state fMRI analysis
(Sundermann & Pfleiderer, 2012). In Muhle-Karbe et al. (2016), a data-driven seed-based
parcellation was performed on the lPFC using k-means clustering. The activation patterns of
the six ensuing clusters were characterized using MACM. Cluster 1, localized at the
intersection of the iPCS and the IFS, matched the IFJ coordinates reported in previous studies
(Derrfuss et al., 2004, 2009) and co-activated with the rIFJ, lIPS, right anterior insula and
bilateral pre-supplementary motor area. In a follow-up study by Ngo et al. (2019), the authors
applied the author-topic model (https://github. com/ThomasYeoLab/Ngo2019_AuthorTopic)
to find sub-components in the co-activation patterns of the left IFJ cluster reported in the
previous study by Muhle-Karbe et al. (2016). They showed three main components that could
describe these patterns: a first component related to language processing, a second
component involved in attentional control and a third one, which they speculated may reflect
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inhibition and response conflict resolution. Of interest to our present purpose, the second
component engaged the bilateral IPS and SPL, which seems to fit the functional role
attributed to this co-activation pattern. Thus, in addition to the analytic solution afforded by
MACM, the author-topic models represent a viable and promising approach to fractionate the
functional domains in which the IFJ is involved and could, for example, be used to contrast
the function of the IFJ in the two hemispheres.

Perhaps because of its more consensually established functional role, the only study
that we are aware of providing evidence on the FEF co-activation patterns is the one by
Cieslik et al. (2016). The authors combined a coordinate-based meta-analysis and MACM to
dissociate the oculomotor regions involved in anti-saccade and pro-saccade task performance
(Cieslik et al., 2016). The lateral FEF was identified through an ALE meta-analysis focusing
on pro-saccade versus baseline/ fixation fMRI contrasts, whereas the medial FEF was
identified by anti-saccade versus pro-saccade contrasts. Interestingly, these contrasts
identified some regions of overlap but also showed that these two foci of activation were
partially dissociable. In turn, MACM revealed that the lateral FEF showed increased
functional connectivity with motor regions, whereas the medial FEF showed distinct
functional connectivity patterns that were related by the authors to the multiple-demand
system (Fedorenko et al., 2013). While these results are certainly intriguing, one limitation of
the study is that the coordinate-based meta-analysis was underpowered; hence, the hypothesis
of segregation of the FEF based on the involvement in anti-saccade and pro-saccade
performance needs to be further explored in future studies. To conclude, in this section, we
reviewed several metrics of brain connectivity, including structural connectivity as inferred
from dMRI, functional connectivity during resting state measured using fMRI and MEG, and
MACM. These metrics suggest that the FEF displays robust structural connectivity patterns
with the IPS complex, consistent with comparative evidence, whereas the structural
connectivity of the IFJ remains largely unexplored. During resting state, FEF activity forms
the backbone of the DAN (along with IPS and MT+) in both fMRI (Fox et al., 2006; Yeo et
al., 2011) and MEG (De Pasquale et al., 2010), whereas IFJ activity patterns seem to be better
characterized as belonging to a frontoparietal (alternatively, a cognitive control) network
(Cole & Schneider, 2007; Ji et al., 2019). Resting-state MEG could be therefore used to
measure IFJ dynamic functional connectivity to assess the robustness of its assignment to this
network over time. The IFJ similarly co-activates with overlapping regions of the
frontoparietal network in a variety of tasks as revealed by MACM, but the author-topic model
(Ngo et al., 2019) suggests that these co-activation patterns underlie at least three different
cognitive subcomponents. We propose that the convergent application of these techniques to
the study of the FEF could be used to differentiate its cognitive subcomponents and to
potentially compare the topography of its co-activation patterns in attentional control tasks
with the ones previously reported in the IFJ (Ngo et al., 2019).

2.5 | GENERAL DISCUSSION AND FUTURE DIRECTIONS

In the present review, we discussed recent neuroimaging evidence suggesting that
although the FEF and IFJ are implicated in similar and overlapping cognitive functions, they
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have remarkably distinct roles in shaping goal-driven behaviour (Baldauf & Desimone, 2014;
Tamber-Rosenau et al., 2018; Zanto et al., 2011; Zhang et al., 2018). These differences are
not apparent when considering their structure, localization, selectivity to sensory modalities
or their functional specialization alone, but only when the broader spectrum of their
activation in response to attentional, working memory and executive tasks, and crucially,
their connectivity fingerprints (Mars, Passingham, & Jbabdi, 2018; Passingham et al., 2002)
are considered. This likely reflects the intrinsic difficulty of identifying functional
specializations in regions that in primates are by nature flexibly engaged in a variety of
high-level cognitive mechanisms (Duncan, 2010; Fuster, 2001; Goldman-Rakic, 1996; Miller
& Cohen, 2001). Taken together, the studies reviewed indicate that when we compare the
FEF and IFJ on these broader aspects, these regions’ functional roles and connectivity differ
considerably. Our main results are summarized in Table 2 for each of the aspects that were
contrasted in this review, along with the main references consulted.

In this work, we have purposefully emphasized a perspective on functional
specialization in the PFC that focuses on the representational format (spatial vs. non-spatial)
and that was pioneered thanks to the comparative studies by Goldman-Rakic and colleagues
(Goldman-Rakic, 1996; Romanski, 2004; Scalaidhe et al., 1997, 1999; Wilson et al., 1993).
Although we think that this is one of the most valuable frameworks to understand the
organization of the plPFC, there are several other principles of organization of the PFC that
are worth taking into account. Among these, the level of abstraction and the difficulty level of
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the task performed are the two most important factors that are usually invoked to explain
gradients in its organization, typically along the rostro-caudal axis (Koechlin et al., 2003; Nee
& D’Esposito, 2016; O’Reilly, 2010). We would like therefore to conclude this review by
presenting several open questions that are in our opinion the most urgent and intriguing to
further disentangle which are the peculiar contributions of the FEF and IFJ to goal-driven
behaviour and particularly to top-down attention and working memory (Table 3).

Given that many sources of evidence of a dissociation between the selectivity to
spatial, as opposed to feature and object information, in the plPFC are comparative (Bichot et
al., 2015, 2019; Constantinidis & Qi, 2018; Goldman-Rakic, 1996; Riley et al., 2017; Wilson
et al., 1993), we would like to discuss some of the most noteworthy proposals of quantitative
approaches establishing homologies in the plPFC in humans and macaques. In this regard,
several challenges ought to be addressed. First, the lack of similar sulcal organization in
macaques and the relative expansion in the size of the human PFC (Donahue et al., 2018)
complicate any solution that relies on the purely geometrical inter-species registration of
these areas. Second, even though cytoarchitecture may serve as a guiding principle in
identifying homologies, in the PFC, it is usually at best a coarse approximation, for example,
as illustrated by the fact that FEF lies in different BAs in the macaque and the human (viz.,
BA8 and BA6, and BA6, respectively; Paus, 1996; Petit & Pouget, 2019; Tehovnik et al.,
2000). This implies that the cytoarchitecture of the PFC in the macaque isn’t necessarily a
good predictor of the location where fMRI activity is usually measured using conventional
FEF localizer tasks in humans (for instance, see fig. 2C from Amiez et al., 2006). The third
challenge is methodological: in humans, the cortical organization is usually inferred
non-invasively with MRI, whereas invasive methods are still the most widely adopted to
study non-human primates. As a particularly glaring example, consider the definition of
structural connectivity in macaques and humans: the first inferred from tracing studies on
small populations of animals, but with a negligible number of false positives, whereas the
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latter is inferred non-invasively from large populations, but where current tractography
algorithms are only partially able to reproduce the former results (Donahue et al., 2016; van
den Heuvel et al., 2015). Also, the latter do not yet offer a convenient solution to the filtering
of large amounts of false positives (Maier-Hein et al., 2017). We review below some recent
proposals that may allow overcoming these limitations. The problem of registering cortical
maps between species (i.e., from the macaque to the human, and vice versa) has been recently
addressed by employing advanced registration algorithms (i.e., multimodal surface matching;
Robinson et al., 2014) that can simultaneously rely on multiple cortical features. Although the
specific approach adopted in comparative studies may differ in relation to the research
question addressed, and in particular in the way structural (e.g., myelin content; Eichert et al.,
2020) as opposed to functional information (e.g., gradients; Xu et al., 2020) is exploited to
drive the registration, this framework represents a promising solution to cross-species
mapping. In parallel to these advancements, the field of primate neuroimaging is witnessing a
rapid acceleration in the development of MRI data acquisition protocols, analysis pipelines
and data sharing (Autio et al., 2020; Hayashi et al., 2021; Milham et al., 2018). These
developments will likely lead to the creation of a macaque multimodal parcellation from a
large cohort of animals, comparable with last decade’s research trends in humans (e.g.,
Glasser et al., 2016; Yeo et al., 2011), derived from the combination of invasive and
non-invasive methods. This will allow researchers to propose an updated cortical taxonomy
in this species, and this may in turn allow the precise mapping of homotopic brain regions
between macaques and humans (Van Essen et al., 2019).

In two highly influential implementations of comparative neuroimaging, Sallet et al.
(2013) and Neubert et al. (2014) used dMRI data to perform a k-means clustering based on
structural connectivity (as inferred from probabilistic tractography) to parcel the dorsal and
the ventral human PFC, respectively. They then computed the functional connectivity from
resting-state fMRI data in humans (from the previous parcellation) and macaques (based on
an existing cytoarchitectonic atlas) to compare the connectivity fingerprints of each area
between the species. They showed that the similarity of these connectivity fingerprints, as
measured by the functional coupling scores, allowed them to quantitatively identify
homologies in the PFC across these species. In their studies, the human ‘FEF-like’ cluster
corresponded to area 8A in the macaque (denoted cluster 8/8A; Sallet et al., 2013), and the
IFJ to area 44 in the macaque (Neubert et al., 2014). In an additional analysis using an ROI
that merged the 8A cluster from the study by Sallet et al. (2013) with the IFJ, Neubert et al.
(2014) performed an additional connectivity-based parcellation and confirmed that their IFJ
parcel was distinct from the former in all the subjects analysed (n = 25). However, a
limitation of these studies is that they used already established homologies between the
macaque and the human brain to identify the target regions and compute the connectivity
fingerprints of their seeds in PFC. Furthermore, in the macaque, all these regions (both seeds
and targets) were based on cytoarchitectonic definitions (Neubert et al., 2014; Sallet et al.,
2013). It is unclear at present how well these criteria represent functionally meaningful
subdivisions of the PFC and if these are adequate to establish such homologies.
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An extremely interesting development of this connectionist framework posits that the
most appropriate method for establishing homologies should be grounded on the
cross-species alignment of white-matter bundles (Mars, Sotiropoulos, et al., 2018). If we
indeed assume that certain white-matter bundles are preserved across species, the
connectivity blueprints of the vertices localized near their terminations (which essentially are
matrices that describe the connectivity of these vertices on the grey-matter surface with each
bundle) can allow us to disentangle between the alternative interpretations of areal expansion
in size (if they relate to these bundles in a similar fashion), their relocation across the cortical
sheet or their connectional reorganization relative to the last common ancestor (if they are
highly dissimilar). In addition to its intuitive appeal, because most of these bundles have been
identified (Mars, Sotiropoulos, et al., 2018, refer to 39 bundles as homologues), and their
segmentation using dMRI has been already validated for most of them using ex vivo data in
both species, this proposal is undoubtedly one of the most promising avenues for
macro-anatomical alignment of functional areas. Using these connectivity blueprints, Mars,
Sotiropoulos, et al. (2018) were able to predict the localization of MT+ in the macaque from
human hMT+ and, conversely, to predict the localization of the pre-supplementary motor area
in humans from macaque F6, using dMRI data acquired in both species. Concerning the
specific problem of identifying FEF and IFJ homologies across primates, it would be
therefore interesting to address the following questions (see the first question in Table 3): Do
the human connectivity fingerprints and connectivity blueprints of these areas match well
with those found in the macaque PFC? If so, which region is the homologue of the human IFJ
in the macaque (see Bichot et al., 2015, 2019, and Figure 1 for potential correspondences)?
Are any differences explained by the connectivity reorganization in the plPFC, the relocation
of its areas, or are they consistent with their expansion in size? Finally, is there any evidence
that the SLF, one of the major frontoparietal bundles, has similar cortical terminations in the
human and other primates (de Schotten et al., 2011; Hecht et al., 2015)? Answering these
questions will enable us to better position the divergence of FEF and IFJ functions along
primates’ evolutionary path, as well as to perform inferences motivated by comparative
evidence on humans in a more reliable way.

A question that is strongly intertwined with the former is whether at present our
knowledge of the localization of the FEF and IFJ in standard space (i.e., Talairach and
MNI152 space) can be considered reasonably accurate and robust in terms of inter-individual
differences in the sulcal organization (see question two in Table 3). As we have argued in
Section 2.2.2, the FEF and IFJ seem to be tied in a very reliable way to specific sulcal
landmarks of the plPFC, although evidence from fMRI analyses performed at the
single-subject level is to date quite limited (Amiez et al., 2006; Derrfuss et al., 2009, 2012;
Kastner et al., 2007). In Glasser et al. (2016; see figs 7 and 8 in the ‘Supplementary Results
and Discussion’), the authors reported that in 24 subjects out of 210, area 55b (ventrally
adjacent to the FEF) had an atypical organization. In nine of these subjects, its localization
was shifted dorsally, and in 12 other subjects, this area was split so that the FEF joined its
border with the ventral premotor eye field, hence also possibly affecting the average
localization of these neighbouring regions. A worrying consequence of this potential spatial
uncertainty is that it would severely limit the conclusions reached by any study of brain
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connectivity (whether based on structural, functional or both information) that did not
identify the FEF and IFJ using separate fMRI localizers. In Tables 4 and 5, we have listed the
standard coordinates of the FEF and IFJ from the studies discussed in this review. As shown
in these tables, the variability in the average localization of the FEF and IFJ seems quite
remarkable, particularly along the sagittal plane in the case of the FEF (see Table 4). This
may not only be due to genuine inter-individual variability in the sulcal organization (in
addition to the variability in the acquisition sequence, MRI scanner and the often-large
smoothing factor adopted in most fMRI analysis pipelines) but also to the idiosyncratic
experimental tasks, contrasts and analytic procedures that were adopted in these fMRI studies
to localize the FEF and IFJ. An intermediate solution, in the cases in which running an fMRI
localizer is not a viable option, would be to rely on the results of meta-analytic methods, such
as the ALE technique (Eickhoff et al., 2012). Even though this technique should be able to
approximate well the typical localization of the FEF and IFJ, we suggest that to infer the most
accurate localization of the functionally defined FEF and IFJ in standard space, one would
need to additionally define a gold standard for FEF and IFJ fMRI localizer tasks to better
refine the study inclusion criteria. In the case of the FEF, we would imagine that reaching a
consensus would not be too difficult, as the involvement of this area in oculomotor control
has been studied extensively (Paus, 1996; Petit & Pouget, 2019; Vernet et al., 2014). In
contrast, due to the involvement of the IFJ in several and potentially non-overlapping
cognitive functions (Ngo et al., 2019; Sundermann & Pfleiderer, 2012), an effort of
specifying a set of core processes to consistently localize this region in both hemispheres
would be needed, which at present seems challenging (but see Derrfuss et al., 2005, for a
relevant suggestion).

Turning to the functional roles of the human FEF and IFJ, we have reported
converging evidence from fMRI and M/EEG studies that the first is predominantly involved
in coding spatial information, whereas the second is predominantly involved in coding
non-spatial information (feature and object information). While MVPA approaches have
generally reported evidence supporting this claim (Jerde et al., 2012; Liu, 2016; Liu et al.,
2011; Meyyappan et al., 2021; Muhle-Karbe et al., 2017), we suggest that experimental
manipulations that allow keeping sensory stimulation identical during the delay period but
employ different cues (spatial vs. non-spatial) can be effectively used to evaluate our current
proposal within a single experimental design and in a variety of behavioural paradigms (e.g.,
see Meyyappan et al., 2021). We would like to stress that one could even push this logic
further and suggest that if decoding analyses were to show an above-chance performance
when a classifier is trained on FEF activity when non-spatial cues are presented in a purely
feature- and object-based paradigm (but not when trained on IFJ activity), and vice versa, an
above-chance performance when a classifier is trained on IFJ activity when spatial cues are
presented (but not when trained on FEF activity), this would severely challenge our
hypothesis regarding the functional specialization of the FEF and IFJ.
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Another critical issue for evaluating the current proposal is to determine how exactly
this information is coded by these regions at the computational level. In the working memory
literature, an influential family of models emphasizes a distinction between regions that
encode working memory information from other regions that dynamically exert control over
these stored representations, possibly localized in the parietal and frontal cortices (reviewed
in Serences, 2016; Sreenivasan et al., 2014). In the instance of the FEF and IFJ, are these
regions only involved in the executive components of working memory, with the information
being encoded at the distributed network level? If this isn’t the case, at which level of
abstraction are the sensory representations situated so they can guide attentional selection and
influence working memory performance? We have reviewed studies that, thanks to the use of
MVPA, have been able to decode attended and remembered information from both the FEF
(Jerde et al., 2012) and the IFJ (Liu, 2016; Liu et al., 2011). This suggests that activity in
these regions during the delay period doesn’t merely reflect a control signal over other brain
regions but actually contains some ongoing information processing related to the
cue/memoranda itself. However, at present, it is unclear whether the FEF and IFJ encode this
information at the same level of abstraction. Although both areas are positioned near the
output layer of the cognitive system, based on the involvement of the IFJ in encoding
stimulus-response mappings according to novel task rules (Muhle-Karbe et al., 2017), and in
a variety of other high-level cognitive operations (Assem et al., 2020; Brass et al., 2005), it
could be argued that the IFJ may encode information at a higher level of abstraction
compared with the FEF (reviewed in Section 2.3.3). This would be consistent with the
relatively recent emergence of the IFJ along the evolutionary path of the primate species
compared with the more ancient dorsal pathway’s regions (Caminiti et al., 2015; Mars,
Sotiropoulos, et al., 2018). We therefore suggest that this hypothesis should be investigated
more systematically in future studies (see question three in Table 3). For example, one could
design an n-back fMRI experiment requiring either the encoding of the abstract identity of an
object or its viewpoint and apply MVPA to the FEF and IFJ to see whether the decoding
accuracy differs between the two in these tasks. We suggest that because the ‘identity’ task is
more independent of low-level visual features compared with the ‘viewpoint’ task, we should
expect a better decoding accuracy within the IFJ compared with the FEF (see the study by
Henderson & Serences, 2019, for interesting results that are in line with these predictions).

The PFC is generally characterized by a high degree of interconnectedness between
its areas and with the rest of the brain—a property that is thought to underlie its unique
contribution to complex behaviour (Fuster, 2001; Yeterian et al., 2012). This information aids
to delineate the organization of the PFC along two principal axes: a rostro-caudal (Koechlin
et al., 2003) and a dorsoventral axis (Goldman-Rakic, 1996). According to the results of the
study by Nee and D’Esposito (2016), it is the mid-lateral PFC that is positioned at the apex of
the PFC hierarchy, based on the asymmetries in its effective connectivity patterns. In their
model, the FEF and IFJ show sensitivity to the stimulus context and sensory domain (spatial
vs. verbal) and are hence hypothesized to be under the control of the cMFG and IFS,
respectively (Nee & D’Esposito, 2016). In an updated version of this hierarchical model of
cognitive control, Badre and Nee (2018) place the FEF and IFJ in the sensory-motor control
areas that allow the maintenance of goal-related information to control movement in a

61



CHAPTER 2___________________________________________________________________________

domain-specific way; thus, although they are embedded in different information processing
streams, they seem to be localized within the same gradient of the rostro-caudal axis. The
authors also hypothesize that lateral areas could be similarly influenced by motivational
factors that are propagated from the dorsomedial PFC at a comparable gradient in the PFC
hierarchy (Badre & Nee, 2018). This suggestion parallels developments from the last decade
in cognitive models of attention, which began to incorporate distinct forms of attentional
biases stemming from learning processes and motivational factors (Anderson, 2019; Awh et
al., 2012; Macaluso & Doricchi, 2013). It is however still unknown how these signals shape
activity in the PFC (a possibility that we suggest should be investigated in future studies), and
how the FEF and IFJ dynamically interact with subcortical and thalamic structures to achieve
efficient control of behaviour (Halassa & Kastner, 2017; White et al., 2017).

Finally, we would like to highlight some of the most promising future research
directions that would allow dissociating the function of the FEF and IFJ. As we have argued
throughout this review, the concept of connectivity fingerprints (Mars, Passingham, & Jbabdi,
2018; Passingham et al., 2002) provides a useful framework to tackle this problem. If we
assume that the FEF and IFJ occupy a dissociable functional role in the brain networks
underlying visual attention, visual working memory and cognitive control, this leads to the
prediction that this differentiation could be reflected in their connectivity fingerprints. If we
build upon the difference of the representational format they encode, this contrast might
allow for the individuation of a spatial and a non-spatial network based on their structural and
functional connectivity with parietal, temporal and early visual cortices (see questions four
and five in Table 3). More specifically, this hypothesis would entail predominant structural
and functional connectivity with topographic visual areas (Wang et al., 2015) from the FEF,
and vice versa, predominant structural and functional connectivity of the IFJ with areas that
are involved in central vision, coding for visual feature and object representations (Kravitz et
al., 2013). Another interesting hypothesis would be to investigate whether the parietal cortex
contains regions to which the associative fibres from the plPFC send segregated projections,
as well as regions in which they converge, therefore possibly enabling the communication
between these two processing streams, as it would be predicted, for example, by neural
models of priority maps (Fecteau & Munoz, 2006; Zelinsky & Bisley, 2015). As we
mentioned in Section 2.4.1, the limited evidence on the structural connectivity patterns of the
FEF, which is even more pronounced in the case of the IFJ, is quite astonishing given the
increasing number of publications that investigated these regions. Nevertheless, the existent
data make both these hypotheses plausible, and their likelihood is further strengthened in the
light of comparative evidence (Caminiti et al., 2015; Croxson et al., 2005; de Schotten et al.,
2011; Felleman & Van Essen, 1991; Kravitz et al., 2013; Yeterian et al., 2012).

In contrast, studies on resting-state fMRI allowed gathering an impressive amount of
information about the involvement of the FEF and IFJ in specific brain networks (Ji et al.,
2019; Yeo et al., 2011). Despite their power to encapsulate functional activity at the
whole-brain level, it is still unknown how well these networks offer a good model for the
co-activation patterns that are measured using experimental manipulations in task fMRI
(however, see Tavor et al., 2016). In particular, in the case of the FEF and IFJ, their
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assignment to these network parcellations likely represents a convenient way to operate a
dimensionality reduction on their activity patterns (and their hypothesized functions), but at
the cost of losing track of their multiple and varied co-activation patterns. Therefore, we
suggest that techniques such as MACM (Robinson et al., 2010; reviewed in Section 2.4.3)
should be regarded as the most relevant source of evidence when attempting to dissociate the
FEF and IFJ based on their functional connectivity patterns.

Top-down selection and working memory maintenance typically involve a complex
chain of neural activity patterns, and this dynamic nature cannot be underestimated. Tracking
the temporal profile of this activity at an appropriate timescale is therefore crucial to
understand selective visual behaviour (Fiebelkorn & Kastner, 2019). Due to the limited
temporal resolution, fMRI is not suited to resolve the complete role of the FEF and IFJ at
different stages of information processing, the transient versus sustained nature of their
activity and the interplay of spectral activity within the attention networks. Another
outstanding issue pertains to the role of rhythmic activity in specific frequency bands, which
is a distinctive signature of many perceptual, attentional and working memory processes
(Buschman & Miller, 2007, 2009; Fiebelkorn & Kastner, 2019; Fries, 2005; VanRullen,
2016). Electrophysiological methods (M/EEG, electrocorticography) should be able to close
this gap by providing accurate measures of FEF and IFJ activity as it unfolds over time
(Baldauf & Desimone, 2014; Chacko et al., 2018; Martin et al., 2019; Michalareas et al.,
2016; Popov et al., 2017; Szczepanski et al., 2014; Tabarelli et al., 2020). Furthermore, the
analysis of functional and effective connectivity metrics should allow modelling the
reciprocal links between FEF and IFJ activities. As representative examples of this approach,
the studies by Sneve et al. (2013), Baldauf and Desimone (2014) and Zhang et al. (2018)
contributed in a foundational way to show that functional and effective connectivity metrics
can be used to identify the sources of the attentional biases observed in feature- and object-
based attention and in working memory tasks. More specifically, their studies together
suggest that the IFJ may be responsible for modulating activity elsewhere to support
non-spatial selection and working memory encoding. The role of the FEF is in contrast to that
of a spatial priority map (Fecteau & Munoz, 2006; Itti & Koch, 2001; Thompson & Bichot,
2005), which likely binds non-spatial and spatial information and maps it to an overt
response. The careful combination of these analytical techniques will likely lead in the future
to uncover how task information is transferred between the FEF and IFJ and posterior
regions. Concerning this question, recently, it has been proposed that informational
connectivity could be used to investigate directed information transfer between brain regions
(Anzellotti & Coutanche, 2018) by modelling how well activity patterns in a brain region can
help to predict activity in another region. This multivariate technique preserves the
information contained in all the voxels, overcoming the issues associated with univariate
approaches (i.e., averaging), hence being optimally adept to uncover mechanisms that are not
apparent even with the application of MVPA to single brain regions. Another great advantage
of this technique is that the experimental conditions/stimuli classes can be carefully chosen to
determine which information content is driving the informational connectivity between
specific regions (Anzellotti & Coutanche, 2018), which we suggest is a feature that can be
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clearly leveraged to investigate our hypothesis of spatial and non-spatial control from the
FEF and IFJ to posterior regions.

Finally, arguably one of the most direct ways to dissociate the contributions of the
FEF and IFJ to selective visual behaviour would be to perform a TMS experiment using an
endogenous cueing paradigm alternating spatial and feature-based attention blocks (see
question six in Table 3). During the delay period, the experimenter would administer
repetitive pulses of TMS to the FEF and the IFJ in each block and assess their effects on
behavior. Our main prediction would be to observe a dissociation in the effects of the
stimulation that is specific to each region and which interacts with the type of cue presented
within a block (e.g., spatial vs. colour cue). Because most of the studies reviewed above point
towards the right lateralization of the attention networks, the proposed study could initially
focus on stimulating the FEF and IFJ in the right hemisphere.

Visual attention and working memory play a fundamental role in our increasingly
cluttered and distracting environments. Understanding the neural mechanisms and the brain
networks underlying these functions is crucial for cognitive neuroscience, but it is ultimately
also a relevant goal for clinical and industrial applications that could greatly benefit from this
basic knowledge. By contrasting the structure, function and connectivity fingerprints of the
FEF and IFJ, we have provided some insights into how comparative research and multimodal
neuroimaging data can be fruitfully combined to study the organization of the plPFC and to
dissociate the function and connectivity fingerprints of the FEF and IFJ as we continue to
investigate the neural mechanisms of selective goal-driven behaviour.
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3.1 | INTRODUCTION

Owing to the capabilities that likely derive from the massive expansion in the cortical
surface allowed by the folding patterns of the cortex (Van Essen 2007; Welker 1990; Zilles et
al. 2013), which particularly involved the prefrontal and association cortices (Donahue et al.
2018; Toro et al. 2008), humans possess one of the most complex behavioral repertoires in
nature (Mesulam 1998; Miller and Cohen 2001). A fundamental aspect of functional
specialization in the human brain is its relationship with cortical neuroanatomy (Van Essen
2007). Microstructural features pertaining to cortical architecture (i.e., cyto- and
myelo-architecture), such as cell types and layer organization, are a major determinant of the
functional organization of the brain, and they provide important information about regional
segregation (Brodmann 1909; Amunts et al. 2020). Over the past 30 years, magnetic
resonance imaging (MRI; and in particular, functional MRI) became the dominant technique
for investigating this organization non-invasively and in vivo (Eickhoff et al. 2018). Although
regional delineations inferred based on architectonic criteria (e.g., cytoarchitecture) generally
agree well with information gathered from MRI/fMRI (Amunts and Zilles 2015), such
correspondences should be always interpreted with caution. These criteria may be weak
predictors of functional organization in highly heterogeneous regions, for example when
regions sit at the boundary of different Brodmann areas (BA; Brodmann 1909). Moreover,
this relationship may be affected by strong inter-individual differences, which were not taken
into account in most of the previous invasive studies characterized by relatively small sample
sizes (Amunts and Zilles 2015). In addition to the previous prevalent invasive and
lesion-based approaches, another way of conceptualizing functional organization and, more
in general, the relationship between cognitive processes and their neural substrate, emerged
from fMRI research with the functional localization approach (Kanwisher 2010). Specialized
computations are performed by brain regions that can be reliably identified across individuals
with fMRI using standard tasks (thus usually referred to as functional localizers; Kanwisher
et al. 1997; Kanwisher 2010; O’Craven et al. 1999; Peelen and Downing 2005). In
combination with the functional localization approach, research on structural MRI has shown
that, despite the remarkable inter-individual variability in the organization of the gyri and
sulci across the whole cortex (Desikan et al. 2006; Destrieux et al. 2010; Ono et al. 1990;
Petrides 2018), these functional modules can also be localized based on anatomical
landmarks (Fischl et al. 2008), which suggests a developmental link between the functional
differentiation of brain regions and the mechanisms of cortical maturation (Zilles et al. 2013).

In sum, in the human brain, functional specialization appears to be tightly linked and
possibly follows from brain structure, although it remains to be established exactly to what
degree this principle holds within specific systems. In the prefrontal cortex (PFC), two
structures, the frontal eye field (FEF) and the inferior frontal junction (IFJ) have largely
overlapping but complementary roles, being involved in several orchestrating functions such
as attention, working memory, cognitive control, and other top-down processes (Baldauf and
Desimone 2014; Bedini and Baldauf 2021). In our previous review, we have in particular
argued that despite these overlaps, it is their patterns of neural selectivity to spatial (FEF) vs
non-spatial information (IFJ) that allows the dissociation of their role across these different
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functions (Bedini and Baldauf 2021). This functional specialization may in turn provide an
effective way to localize these regions with fMRI. While the FEF has been studied
extensively both in human and non-human primates, its precise localization and relationship
to sulcal morphology in humans, and correspondence to the macaque FEF has proven to be
difficult to establish (Amiez and Petrides, 2009; Petit and Pouget 2019; Schall et al. 2020;
Tehovnik et al. 2000; but see Koyama et al. 2004). Evidence also suggests that FEF
localization may be affected by substantial individual differences (Amiez et al. 2006; Kastner
et al. 2007; Paus 1996; see Bedini and Baldauf 2021, for a discussion of this issue in the
context of the multimodal parcellation (MMP1) by Glasser et al. (2016). The prevailing view
is that the human FEF lies in the ventral bank of the superior precentral sulcus (sPCS), near
its junction with the superior frontal sulcus (SFS; see Paus 1996 and Vernet et al. 2014, for a
meta-analysis and a review of FEF localization, respectively). However, some authors have
argued that instead, a region localized ventrally in the dorsal branch of the inferior PCS
(iPCS), termed the inferior FEF (iFEF, or sometimes the lateral FEF) may be the putative
homolog of the macaque FEF (Kastner et al. 2007; Schall et al. 2020). Moreover, it has been
raised the related question of whether the inferior FEF has been under-reported in the fMRI
literature (Derrfuss et al. 2012). In topographic mapping studies, peaks corresponding to the
iFEF have been already reported (Kastner et al. 2007; Mackey et al. 2017) albeit they were
not as consistent as FEF peaks in their presence across subjects and relative localization.
Moreover, at least one study has previously reported activations in the iFEF using a saccadic
localizer task, which were clearly segregated from those elicited by a Stroop task (Derrfuss et
al. 2012). These analyses were performed in native space on an individual-subject basis,
which is a very powerful approach that allows for carefully studying dissociations in adjacent
neuroanatomical regions (Fedorenko 2021). The IFJ, a region found ventrally and anteriorly
relative to the iFEF, is typically localized near the junction of the iPCS with the inferior
frontal sulcus (IFS), sometimes encroaching into its caudal bank (Derrfuss et al. 2005). The
IFJ was only much more recently characterized as a separate brain region (based on
structural; Amunts et al. 2006; and functional criteria; Brass et al. 2005) that performs both
specialized (Baldauf and Desimone, 2014; Bedini and Baldauf 2021) and general domain
computations (Assem et al. 2020; Derrfuss et al. 2005), in line with the multiple demand
hypothesis (Duncan 2010). Currently, however, due to the interspersed and close arrangement
of specialized and multiple demand regions near the IFJ, common activation foci resulting
from various cognitive processes have not been reported yet across experiments (see however
Assem et al. 2020, for evidence from high-resolution fMRI data and improved inter-subject
alignment methods).

Clearly, there is a need to better characterize the relationship between anatomy and
functional specialization within the PFC. This is particularly critical, as the large
inter-individual variability in the organization of the prefrontal areas and sulci (Germann et
al. 2005; Juch et al. 2005) complicates the interpretation of the results of previous studies and
may partly explain the discrepancies in the findings reported across research groups and
methods. That such a link can in principle be successfully accomplished has been
demonstrated in the visual system, where studies have shown that despite the inter-individual
variability in the overall size, shape and position of the early visual cortex, specific
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anatomical landmarks (i.e., sulci) coincide very well with the borders of primary visual areas
as derived from various sources of data, including cytoarchitecture, retinotopic mapping,
myelin content and resting-state fMRI functional connectivity (Abdollahi et al. 2014; Fischl
et al. 2008; Glasser et al. 2016; Sereno et al. 1995). For example, in Hinds et al. (2008) the
authors used surface-based registration methods (Fischl et al. 1999) to identify V1 in new
subjects from cortical folding information (i.e., the stria of Gennari) and showed that these
methods outperformed volumetric methods in labeling this structure (see also Hinds et al.
2009). Similarly, Benson et al. (2012) used folding information to predict visual responses
within the striate cortex to a retinotopic mapping fMRI protocol. When moving up into the
cortical visual hierarchy, however, the relationships between cortical folding and other
neuroanatomical information become more difficult to establish and interpret (Coalson et al.
2018; Glasser et al. 2016). Wang et al. (2015) created a probabilistic atlas of 25 topographic
visual areas and showed that anatomical variability (as measured by the variance in
gyral-sulcal convexity across subjects) and the overlap of functional activations (measured as
peak probability values) were negatively correlated, particularly in higher-order visual areas,
suggesting that the former may play an important role in shaping functional organization.
Similarly, in one of the most comprehensive efforts to parcel the cortical surface with
high-resolution non-invasive methods, Glasser et al. (2016) found that the lateral PFC is one
of the brain districts where the intrinsic neuroanatomical variability is higher than in the rest
of the brain (Glasser et al. 2016; Juch et al. 2005), as measured by a decrease in the test-retest
reliability of their parcellation. While the former limitations (i.e., the weaker association
between cortical folding and function, and inter-individual variability, which particularly
affects volumetric group-level analyses; Coalson et al. 2018) have posed significant
challenges to the interpretation of the relationship between cortical folding and functional
specialization in higher-order visual regions, several studies have shown that adopting an
individual-level approach in defining sulci may bear important implications for understanding
cognitive function within the PFC (Amiez et al. 2006; Amiez and Petrides 2018; Derrfuss et
al. 2009; Fedorenko 2021; Miller et al. 2021). For example, the study by Frost and Goebel
(2012) showed that, by leveraging the former approach and improving the alignment in the
cortical folding patterns (hence limiting the influence of the anatomical variability across
subjects) using a technique termed curvature-driven cortex-based alignment, the overlap in
FEF localization increased by 66.7% in the left hemisphere and 106.5% in the right
hemisphere compared to volume-based registration in a sample of 10 subjects. These results
suggest that the FEF is indeed strongly bound to a macro-anatomical location (i.e., the
junction of the sPCS and the SFS; Paus 1996), and more generally the presence of a strong
structure-to-function relationship in this region (see also Wang et al. 2015). In the study by
Derrfuss et al. (2009), which again was carried out using an individual-level approach, 13 out
of 14 subjects showed activations localized between the caudal bank of the IFS and the iPCS
that corresponded to the anatomical description of the IFJ in a task-switching paradigm.
Taken together, these studies point to the need to better characterize the relationship between
sulcal morphology and functional specialization within the PFC. This research line may in the
future allow predicting functional activity from neuroanatomical information alone, thus
accomplishing one of the fundamental goals of contemporary cognitive neuroscience in terms
of inferring structure-to-function relationships (Felleman and Van Essen 1991; Osher et al.
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2016; Passingham et al. 2002; Saygin et al. 2012; Young et al. 2000). In summary, the
organization of the regions localized along the banks of the major sulci of the posterior-lateral
PFC (plPFC), namely the SFS, the sPCS, the iPCS, and the IFS, has yet to be clarified
spatially.

In this study, we aimed to accurately localize the FEF and IFJ based on standard fMRI
localizer tasks. These are well-validated tasks designed to target pre-defined ROIs
(Fedorenko 2021; Kanwisher 2010) and are typically performed independently from the main
fMRI task. In particular, we wanted to reassess the precise localization of the FEF and its
relationship with the localization of the iFEF as inferred using saccadic localizer tasks in the
light of recent fMRI evidence (see Grosbras et al. 2005, Jamadar et al. 2013, and Paus 1996,
for previous meta-analyses using fMRI and PET experiments). Further, we also wanted to
re-examine the precise localization of the IFJ by inferring the convergence of activations
across paradigms (Derrfuss et al. 2005; Muhle-Karbe et al. 2016). This information may
provide important clues for better-interpreting activations in the posterior-lateral PFC based
on combined structural and functional criteria. Coordinate-based meta-analyses offer a
convenient way to summarize and model the uncertainty in the activations found across
several PET/fMRI experiments (Fox et al. 2014) based on specific paradigms and contrasts of
interest, overcoming inter-individual variability, and allow to establish adequately powered
brain-behavior relationships. Here we employed the activation likelihood estimation (ALE)
technique (Eickhoff et al. 2009, 2012) to accurately infer the localization of the FEF and IFJ
activation peaks in standard space. By using the inferred ALE peak coordinates as seeds, we
also performed a meta-analytic connectivity modeling (MACM) analysis (Langner and
Camilleri 2021; Robinson et al. 2010) to investigate the coactivation profiles of FEF and IFJ
in fMRI studies across paradigms in a data-driven fashion. Overall, our study goal is to offer
some consensus and anatomical priors to localize these regions with fMRI, and to guide
future non-invasive brain stimulation studies. In addition, our study also aims to provide the
meta-analytic groundwork to investigate the relationship between the functional
specialization and connectivity of the FEF and IFJ in large multimodal neuroimaging datasets
(e.g., the Human Connectome Project; Van Essen et al. 2013).

3.2 | MATERIALS AND METHODS

3.2.1 | Activation likelihood estimation fMRI meta-analysis method

The ALE is a powerful meta-analytic technique that allows for assessing the spatial
convergence of the activations reported in the neuroimaging literature (Eickhoff et al. 2009,
2012). As a coordinate-based technique, ALE takes as input the activation peaks reported by
several independent neuroimaging studies and tests their significance against a null
distribution of the foci across the whole brain (Eickhoff et al. 2012). This ALE feature is
particularly useful given that in the neuroimaging literature results are usually reported and
summarized as x, y, z coordinates in standard space (Talairach or MNI), rather than as full
activation maps accompanied by a statistical summary of the effect sizes, and even more
rarely shared in that form (for important initiatives in neuroimaging data sharing see however
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NeuroVault: https://neurovault.org/, Gorgolewski et al. 2015; OpenNeuro:
https://openneuro.org/, Markiewicz et al. 2021; BALSA: https://balsa.wustl.edu/, Van Essen
et al. 2017, and Anima: https://anima.inm7.de/index.php, Reid et al. 2015, among other
initiatives). This aspect becomes crucial in the case of brain regions that may be
under-reported in the fMRI literature (such as the iFEF; Derrfuss et al. 2012; Kastner et al.
2007) or which only recently began to be included in the brain atlases taxonomy (such as the
IFJ; Bedini and Baldauf 2021; Sundermann and Pfleiderer 2012). Here, we exploited this
ALE feature by applying this technique to analyze two independent collections of fMRI
studies performed over the last 30 years with the primary aim of accurately inferring FEF and
IFJ localization in MNI152 space using the GingerALE software (v. 3.0.2;
https://www.brainmap.org/ale/). In the ALE procedure, each set of foci reported in a study is
modeled as a three-dimensional Gaussian distribution centered around the coordinates and
whose size is determined based on the experiment sample size (Eickhoff et al. 2012). In
particular, larger sample sizes result in tighter Gaussians, which reflects lower uncertainty
about the ‘true’ location reported, whereas lower samples lead to larger Gaussians that are
more spread around the respective peak coordinates, thus conveniently reflecting lower
confidence about their corresponding locations. These activations are then combined into a
modeled activation map for each experiment of a study. Importantly, in the revised ALE
algorithm, within-study effects that could result from the summation of adjacent foci are
minimized, so that studies that reported activation in a higher number or more densely
organized foci won’t drive the ALE results disproportionately (Turkeltaub et al. 2012). By
computing the union of all these modeled activation maps, an ALE score for each voxel in
the brain is obtained (Eickhoff et al. 2009, 2012). The significance of these scores is then
assessed by comparing them with the null distribution obtained by randomly reassigning the
modeled activations across the whole brain with a permutation approach. Finally, the
thresholded p-values are usually corrected for multiple comparisons using either voxel-level
or cluster-level family-wise error (FWE). The use of uncorrected p-values and false discovery
rate is instead generally not advised since it can lead to spurious findings (Eickhoff et al.
2016).

The present meta-analysis focused on specific cognitive functions (described more in
detail in the 'Study selection criteria') in which the FEF and IFJ and the associated brain
networks are relatively well-known to be involved. More specifically, in what we will refer to
in the following as the ‘FEF sample’, we applied the ALE technique to several independent
fMRI studies requiring the planning and execution of visually-guided and voluntary eye
movements, as a considerable number of previous studies clearly showed that these types of
tasks elicit activation in the FEF, and other eye fields (for previous meta-analyses see Cieslik
et al. 2016; Grosbras et al. 2005; Jamadar et al. 2013; Paus 1996). In particular, tasks
requiring the execution of prosaccades and antisaccades contrasted against a fixation baseline
are the most prevalent and consensually established FEF functional localizer in the human
fMRI literature (Amiez et al. 2006; Amiez and Petrides 2018; Kastner et al. 2007). In the case
of the ‘IFJ sample’, it is arguably more difficult to pinpoint a universally accepted functional
localizer for this region, and in fact, very few studies have implemented a separate and
targeted localizer paradigm to isolate the IFJ (for relevant examples see Baldauf and
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Desimone 2014; Zanto et al. 2010; Zhang et al. 2018) for subsequent analyses. In addition,
there is increasing evidence that the IFJ may be characterized as a region more generally
involved in different and often overlapping functions (i.e., a multiple demand region; Assem
et al. 2020; Derrfuss et al. 2005; Sundermann and Pfleiderer 2012), which may even further
complicate the definition of a standard localization method. Therefore, in the ‘IFJ sample,’
we anticipate that we analyzed data from a more heterogeneous collection of fMRI studies
investigating covert attention, working memory, and cognitive control across a wider range of
paradigms. Whenever the sample sizes of the studies retrieved allowed for it, we also carried
out post hoc control analyses to examine potential spatial discrepancies between the IFJ
peaks derived from splitting up the full localizer sample according to specific cognitive
functions and paradigms (see Supplementary Information p. 5 and 14-15).

3.2.2 | Study selection criteria

The selection criteria of the sample of studies for the present meta-analysis followed
the best-practice recommendations and guidelines by Müller et al. (2018). Multiple
bibliographic searches were performed between May 2019 and January 2021 (cutoff date). A
final search was conducted with the same criteria and cutoff dates (i.e., 1st of January 1990 -
1st of January 2021) by the first author MB to comply with the updated PRISMA guidelines
(Page et al. 2021) and as a sanity check. The selection procedure is reported in Figures S1
and S2 (created based on the PRISMA flow diagram; Page et al. 2021), which refer to the
‘FEF sample’ and the ‘IFJ sample’, respectively. All the bibliographical searches were carried
out using Web of Science (https://www.webofscience.com). We searched records in the Web
of Science Core Collection using the keywords ‘fMRI’ AND ‘frontal eye field’ (all fields) in
the first instance, and ‘fMRI’ AND ‘inferior frontal junction’ (all fields) in the second. We
complemented these results with other sources (Google Scholar, personal collection of
articles and references cited by the studies retrieved) by one of the authors (MB). In the FEF
sample, our search identified a total of 711 records, from which we removed all the review
papers. 665 records were further screened, and 470 of these were sought for retrieval to
assess their adequacy with respect to the inclusion criteria (described below). In the IFJ
sample, 375 results were identified, from which, after removing review papers, 356 records
were further screened, and 142 of these were sought for retrieval to assess their adequacy
with respect to our original inclusion criteria. The general inclusion criteria consisted of the
following. Each study selected: 1. Reported coordinates in standard space (either MNI or
Talairach); 2. Was an fMRI study (we decided to not include positron emission tomography
studies as our goal was to keep our samples as homogeneous as possible in terms of the
signal measured, the spatial resolution and analysis pipelines (Botvinik-Nezer et al. 2020) to
make our results specific to the fMRI field); 3. Performed on a scanner of 3T or higher field;
4. Tested and reported results from healthy adults (18-60 years old; or an appropriate control
group in the case of clinical studies); 5. The study acquired whole-brain fMRI data or with a
FOV that was sufficiently large to cover the frontal cortex and in particular its posterior
aspect (see the Supplementary Tables 1 and 2 for the FOV of each study). Even though the
latter criterion would lead to the inclusion of studies with partial brain coverage, which is
generally not recommended in ALE analyses (Müller et al. 2018), given that our main
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research question focused on the standard localization of the FEF and IFJ, we motivate it by
accepting the tradeoff derived from having access to a larger sample for these regions, as
opposed to having less sensitivity in detecting other regions that are consistently active
during the tasks included (which however are not the main focus of the present study), but
not reported simply due to the lack of brain coverage. In the Supplementary Information, we
report the results of a control analysis excluding first studies with partial brain coverage and
second, studies performing ROI analyses, as per the best practices recommended by Müller et
al. (2018). The last group of inclusion criteria is specific to each sample (the FEF or the IFJ)
and is primarily related to the type of experimental paradigm utilized in the fMRI study and
the specific contrasts analyzed (described more in detail below). Here, we strived to find a
balance that would adequately represent the various localization methods that have been
pursued in the fMRI literature, while also assigning a higher weight in the sample to the more
standardized and replicated localization approaches.

3.2.3 | FEF sample inclusion criteria

The human FEF is a well-characterized region in the fMRI literature (Bedini and
Baldauf 2021), although some uncertainties persist regarding the correspondence of its
localization obtained from fMRI compared with other methods (i.e., brain stimulation; Vernet
et al. 2014) and with the macaque FEF (Koyama et al. 2004; Petit and Pouget 2019). The
region is crucially involved in the top-down control of eye movements and spatial attention
(Astafiev et al. 2003; Beauchamp et al. 2001; Corbetta et al. 1998), and it is considered a
prominent node of the dorsal attention network (Corbetta and Shulman 2002; De Pasquale et
al. 2010; Fox et al. 2006; Yeo et al. 2011). A very simple and time-efficient yet effective way
to localize the FEF in fMRI scans is to have participants perform an experimental block of
visually-guided saccades towards an unpredictable peripheral target, and contrast this
activation with a fixation block (Amiez and Petrides 2006). The resulting activations - usually
found near the junction of the SFS and the sPCS - are then assumed to correspond to the FEF
(Paus 1996). However, depending on the statistical thresholds and analytical approach
adopted, in addition to this superior cluster, often this type of contrast reveals a more
widespread pattern of activity along the banks of the iPCS (Beauchamp et al. 2001; Kastner
et al. 2007). Therefore, this localization method doesn’t seem to have adequate functional
specificity if not combined with the additional anatomical criteria mentioned above. Building
on this approach, the antisaccade task and its neural mechanisms have been extensively
studied in the primate neurophysiology literature (Munoz and Everling 2004), and this task
has been employed as a measure of inhibitory control in healthy and clinical populations in
humans (Hutton and Ettinger 2006). Briefly, in the antisaccade task, the subject is required to
keep fixation until a visual target appears and to look at its mirror location (Hallet 1978).
Computationally, this requires at least two mechanisms: the first one inhibits a reflexive
saccade towards the visual onset, and the second is responsible for executing a saccade
towards the opposite location (the endpoint is in this case endogenously generated; Munoz
and Everling 2004). An interesting feature of this task is that compared to the prosaccade
task, it gives rise to frequent direction errors, which reflect a failure to inhibit reflexive
behavior (Hutton and Ettinger 2006; Munoz and Everling 2004; Pierrot-Deselleigny et al.
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2002). Inserting a short (e.g., 200 ms) gap period before the presentation of the target
decreases saccadic reaction times (Saslow 1967) and further increases the ratio of these
direction errors (Munoz and Everling 2004). fMRI studies comparing the regions involved in
prosaccade vs antisaccade task performance have found overlapping activations in the FEF in
both tasks, although the antisaccade task recruits additional regions that seem to reflect the
increased executive demands of this task (McDowell et al. 2008). Within FEF, there is also
increased activity in the antisaccade compared to the prosaccade task (Connolly et al. 2000).
This is particularly evident during the preparatory phase (Brown et al. 2006; Connolly et al.
2002; Curtis and Connolly 2008; DeSouza et al. 2003: Ford et al. 2005) and when the two
tasks are presented in a mixed fashion (Pierce and McDowell 2015, 2017). Based on these
results, it could be hypothesized that contrasting antisaccades vs prosaccades may offer better
specificity to localize clusters of activity within the FEF compared to the prosaccade vs
fixation blocked design described earlier. Previous studies didn't address this hypothesis
directly, and it still needs to be tested in a within-subject design by comparing the activation
topographies at the individual subject level. Finally, in modified versions of the spatial cueing
paradigm (Fan et al. 2005; Posner 1980), univariate analyses contrasting valid vs
neutral/invalid trials are often used to localize all the main regions belonging to the dorsal
attention network (Corbetta and Shulman 2002), which are subsequently used as ROIs for
functional and effective connectivity analyses (for example, see Vossel et al. 2012, and Wen
et al. 2012). It can be argued that, even though these adaptations are not generally employed
as independent functional localizers for the FEF, they may be well adept to isolate this region
under the assumption that covert and overt shifts of spatial attention have a shared and
overlapping source in this region, which seems well supported by fMRI (Astafiev et al. 2003;
Beauchamp et al. 2001; Corbetta et al. 1998; Jerde et al. 2012) and comparative evidence
(Buschman and Miller 2009; Moore and Fallah 2001; reviewed in Fiebelkorn and Kastner
2020). Indeed, the studies that directly investigated this question generally reported a strong
degree of spatial overlap, although they also suggest that the signal measured in covert
paradigms tends to be weaker than in overt tasks (Beauchamp et al. 2001; De Haan et al.
2008) and thus possibly less robust across fMRI data analysis pipelines (Botvinik-Nezer et al.
2020). Thus, an open question is whether oculomotor and covert spatial attention tasks are
equally efficient in localizing the FEF.

In summary, for the reasons introduced above, we included in the FEF sample all the
studies that investigated the planning and execution of visually-guided and voluntary eye
movements (prosaccades and antisaccades) as well as covert spatial attention using both
blocked and event-related designs, analyzing mainly the following contrasts: 1. prosaccades >
fixation; 2. antisaccades > fixation; 3. prosaccades & antisaccades > fixation; 4. anti-saccades
> pro-saccades; 5. valid > neutral/invalid trials (see Figure S1 for an overview of the
selection procedure following the PRISMA2020 guidelines; Page et al. 2021; for the full list
of studies and the related information see Tables S1 and S2 in the Supplementary
Information). Combining these contrasts allowed us to carry out our main analysis
complemented by three control analyses, respectively designed to replicate a previous study
(Cieslik et al. 2016) and to investigate two additional research questions (see Supplementary
Information p. 4). In our main localizer analysis, we pooled together all studies that reported
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at least a contrast related to the planning and execution of prosaccades, both prosaccades and
antisaccades, and antisaccades, contrasted with a fixation baseline.

3.2.4 | IFJ sample inclusion criteria

In contrast to the FEF, the IFJ doesn’t have a broadly accepted homolog in the
macaque (Bedini and Baldauf 2021; see however Bichot et al. 2015, 2019; and Neubert et al.
2014) and its role started to be investigated only much more recently with fMRI (Brass et al.
2005). Its functional profile remains to date not well understood and is characterized by a
remarkable functional heterogeneity (Muhle-Karbe et al. 2016; Ngo et al. 2019). Consistent
with this idea, recent high-resolution fMRI studies showed that the IFJ (and in particular, the
posterior IFJ as defined according to the MMP1 by Glasser et al. 2016) belongs to the core
multiple-demand system of the brain (Assem et al. 2020, 2021), which identifies a set of
regions that are engaged in multiple processes often across different cognitive domains
(Duncan 2010). This particular position in the cognitive processing architecture arguably
poses a severe challenge in trying to define a gold standard for an fMRI localization method
for this region, which would allow for effectively segregating it from adjacent coactive
regions (for an excellent example of such an approach see however Derrfuss et al. 2012; we
return to this point in the discussion). Several promising approaches to localize the IFJ both at
the individual and at the group level have nevertheless previously been reported from
different research groups ranging from attention and working memory to cognitive control
paradigms. For example, the series of studies from the group led by Brass and colleagues
were critical in establishing the IFJ as a region involved in task preparation and more
generally in cognitive control (Brass and Von Cramon, 2002, 2004; Derrfuss et al. 2004; see
also Cole and Schneider 2007).

In summary, based on the evidence discussed above, in the IFJ sample, we decided to
include attentional (i.e., rapid serial visual presentation (RSVP) and endogenous cueing
paradigms), working memory (primarily n-back paradigms), and cognitive control paradigms
(i.e., task-switching and Stroop tasks). These inclusion criteria were based on Derrfuss et al.
(2005), who investigated switching and Stroop paradigms, and we extended them to
attentional and working memory paradigms that presumably also tap cognitive control
functions. These paradigms all stress the maintenance of a task set to control behavior, which
should be one of the integrative IFJ functions according to our hypothesis. The main contrasts
analyzed were therefore quite heterogeneous, but can be broadly grouped into the following
primary ones (see Figure S2 for an overview of the selection procedure following the
PRISMA2020 guidelines; Page et al. 2021; for the full list of studies and the related
information see Table S2): 1. Oddball > Target trials in covert attention paradigms (e.g.,
RSVP paradigms); 2. Functional connectivity with a seed perceptual region (e.g., V4, V5,
FFA) in the Attend > Ignore condition in n-back paradigms; 3. Switching > Repetition trials
in task-switching paradigms; 4. Incongruent > Congruent trials in Stroop paradigms (see the
Supplementary Information for control and contrast analyses).
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In conclusion, the final sample of the included papers for our ALE meta-analysis was
n = 51 for the FEF, and n = 30 for the IFJ sample (see the Supplementary Information,
Figures S1 and S2, and Tables S1 and S2 for a summary of the studies). The number of
experiments was 35 for the FEF localizer sample, and 32 for the IFJ localizer sample. Both
sample sizes were within the recommended range (i.e., a minimum of 17-20 experiments) to
have adequate statistical power with ALE as derived from empirical simulations (Eickhoff et
al. 2016).

3.2.5 | Activation likelihood estimation procedure

We extracted all the foci from the studies included in the FEF and IFJ samples, and
we converted all the Talairach coordinates to the MNI152 space using the Lancaster
transform as implemented by the function provided in the GingerALE software (v. 3.0.2;
Laird et al. 2010; Lancaster et al. 2007). We note that after the SPM2 version, the MNI
templates distributed are consistent across FSL and SPM software packages, being compliant
with the ICBM-152 coordinate space (Fonov et al. 2009), so for any later version of these
packages we used the Talairach to MNI FSL transform. Where other software packages were
used for spatial normalization, we again employed the Talairach to MNI FSL transform for
consistency, as the other transformation provided in GingerALE represents a pooled
FSL/SPM transformation (Lancaster et al. 2007) that would only lead to systematic
displacement of the coordinates. In only two cases (i.e., Manoach et al. 2007; Mao et al.
2007) the studies employed the mapping from MNI to Talairach developed by Brett et al.
(2002). These coordinates were therefore mapped back to the MNI space using this specific
transformation, as recommended in the GingerALE user manual.

For the main localizer analyses (FEF and IFJ localizer samples), the ALE parameters
were set to 10000 threshold permutations (as recommended in Eickhoff et al. 2016) and a
voxel-level FWE of 0.01 was applied (Eickhoff et al. 2017) with a minimum cluster size of
50mm3 (corresponding to 6 voxels). Compared to cluster-level FWE inference, which can
only allow inferring that a given cluster is above a significance threshold as a whole, but
critically, not that any putative region that is included in the cluster is individually significant
on its own (Eickhoff et al. 2016), voxel-level FWE allows to more readily interpret all the
cluster extent as well as its peak location from the main localizer samples anatomically
(Eickhoff et al. 2016). Moreover, our sample sizes ensured that these clusters would not be
driven by a contribution exceeding 50% of any individual study. Therefore we would like to
stress that performing the ALE procedure for the main localizer samples using voxel-level
FWE arguably represents the most conservative approach to inferring spatial convergence in
our samples and allows us to interpret individual voxel ALE values as a proxy for the most
active location across experiments. When retrieving the relevant foci, we first grouped the
studies by subject group rather than by experiment (Turkeltaub et al. 2012). This was done
because grouping by subject group further minimizes within-study effects (Turkeltaub et al.
2012). When a single experiment reported multiple contrasts of interest, we therefore pooled
them under the same subject group. We note that however, in all cases in which the studies
reported more than one contrast of interest they were drawn from the same experiment (with

76



___________________________________________________________________________

very few exceptions; see Tables S1 and S2), so our strategy didn’t unfairly pool together
partially independent observations and was practically almost equivalent to grouping by
experiment. When an experiment failed to report significant activation for some ROIs, we
used the lower number of subjects that had above threshold activations in all ROIs from a
contrast of interest if this information was available. In summary, our study grouping strategy
allowed us to fully exploit the information gathered from the different contrasts that were
performed in the original studies and also to carry out our control analyses with the largest
possible sample sizes. To validate the results of the main ALE analyses and to further assess
the reliability of the ALE peaks found, we also carried out a leave-one-experiment-out
procedure (LOEO; Eickhoff et al. 2016) on the main FEF and IFJ localizer samples using the
same foci grouping strategy. Since we found identical ALE peaks as in the main ALE
analyses using 1000 threshold permutations, we performed the LOEO procedure with the
same parameter to reduce computational times.

3.2.6 | Comparison method of the ALE clusters and peaks with previous
coordinate-based meta-analyses, relationship to macro-anatomical information and the
MMP1

To interpret our results more carefully, we compared the significant activation clusters
from our ALE main localizer analyses with the results from previous meta-analyses results
and brain atlases (Derrfuss et al. 2005; Glasser et al. 2016; Klein et al. 2012; Paus 1996).
First, we described the anatomical location of each cluster and assigned the corresponding
Brodmann label using the Talairach Daemon in GingerALE (Lancaster et al. 2000). Second,
to compare our results with previous meta-analyses (Derrfuss et al. 2005; Paus 1996), we
mapped our ALE peaks to the Talairach space using the transformation developed by
Lancaster et al. (2007) as implemented in GingerALE (MNI (FSL) to Talairach; see Table 3).
Third, to relate our results to surface-based atlases (Klein et al. 2012; Glasser et al. 2016), we
followed two distinct approaches. The Mindboggle 101 atlas (Klein et al. 2012) describes the
macro-anatomical organization of the human brain as delineated by sulcal and gyral
information. The atlas was recently mapped to the MNI152 non-linear symmetric template
(Manera et al. 2020), so we manually imported this atlas in FSL and in FSLeyes as described
in this GitHub repository: The-Mindboggle-101-atlas-in-FSL. We assigned one of the
Mindboggle 101 labels to each of the ALE peak coordinates using the atlasquery
command-line tool with FSL (v. 6.0.3; Jenkinson et al. 2012). For atlases that were released
and best interpreted in a surface-based format, such as the MMP1 (Glasser et al. 2016; see
Coalson et al. 2018 for an in-depth discussion), we instead employed the mapping technique
developed in Wu et al. (2017) to register our ALE results from the MNI152 space (Fonov et
al. 2009) to FSaverage (Fischl et al. 1999). A version of the MMP1 (Glasser et al. 2016)
mapped to the FSaverage surface was made available using the method described in Mills
(2016;
https://figshare.com/articles/dataset/HCP-MMP1_0_projected_on_fsaverage/3498446). Once
we mapped the ALE clusters to this surface, we also mapped the MNI152 coordinates
corresponding to each ALE peak to a vertex on the inflated surface (Wu et al. 2017) and we
assigned each of these to the respective MMP1 labels (Table 5). To describe the anatomical
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labels associated with each ALE cluster using more specific labels (compared to the Talairach
Daemon), we used a volumetric version of this atlas for convenience. The source files that
were used to import the atlas are the same as in Huang et al. (2021). The volumetric version
of the MMP1 was manually imported in FSLeyes as described in this GitHub repository:
The-HCP-MMP1.0-atlas-in-FSL).

3.2.7 | Meta-analytic connectivity modeling method

After obtaining the ALE peaks from the main localizer analyses, we exploited this
information to perform a data-driven analysis of the coactivation patterns of the FEF and the
IFJ across the whole brain to uncover their task-based fMRI functional connectivity
fingerprint (Langner and Camilleri 2021; Passingham and Wise 2002). We therefore retrieved
all the papers matching specific criteria (described below) from the BrainMap database using
Sleuth (https://www.brainmap.org/sleuth/; Fox and Lancaster 2002), and we analyzed these
foci by employing the MACM technique (Robinson et al. 2010). This technique leverages the
ALE algorithm and allows inferring all the regions that coactivate with a given seed region
that is selected a priori. This analysis also allowed us to perform a reverse inference on these
coactivation patterns (Poldrack 2011). More specifically, we sought to functionally decode
and characterize the various behavioral domains that are associated above chance with each
of these by using a standardized taxonomy (Fox et al. 2005) via the Mango software (v. 4.1)
behavioral analysis plugin (v. 3.1; Lancaster et al. 2012).

The studies were retrieved from the BrainMap database using Sleuth according to the
following fields (all linked using the ‘AND’ operator) and specifications: in the Experiment
field, the “context” field was set to “normal mapping”, in the “activation” field we searched
for “activations only”, with “Imaging modality” being set to “fMRI”. Finally, four separate
searches were conducted in the BrainMap database by setting the “locations” field as
corresponding to each left hemisphere (LH) and right hemisphere (RH) seed region (LH
FEF, RH FEF, LH IFJ, and RH IFJ). We first transformed each seed location from MNI152 to
Talairach space (which is the standard in Sleuth and also used internally by Mango’s
behavioral plugin) using the transformation by Lancaster et al. (2007; the FSL
transformation) and we created cuboid seeds of 6 mm centered around the respective ALE
peaks. With these criteria, we were able to retrieve a range of 19 to 53 studies across seed
locations. In particular, we retrieved 26 studies (27 experiments) for the LH FEF seed, 19
studies (19 experiments) for the RH FEF seed, 53 studies (59 experiments) for the LH IFJ,
and 31 studies (31 experiments) for the RH IFJ. We note that the different number of studies
retrieved possibly reflects a combination of the increased base probability of finding
activations within a specific ROI (Langner et al. 2014) but also the fact that some ROIs tend
to participate in multiple functional networks (Langner and Camilleri 2021). Thus, while our
sample size was generally greater in the case of the IFJ, this information matches what was
previously reported about the coactivation patterns of FEF and IFJ (the IFJ being part of the
frontoparietal network, that has been previously shown to work as a hub network; Cole et al.
2013). More importantly, these sample sizes allowed for adequately powered inference using
ALE (Eickhoff et al. 2016). Therefore, we used all the foci retrieved separately from each
seed location as inputs for GingerALE. The ALE parameters were set to an 0.001 uncorrected
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p-value, 1000 threshold permutations and a cluster-level FWE of p < 0.01. In the functional
decoding analysis, we used the same 6 mm cuboid seeds as in the MACM analysis centered
around the respective FEF and IFJ ALE peaks. Associations with behavioral domains were
considered statistically significant when their z-score was ≥ 3, corresponding to a threshold of
p < 0.05 (Bonferroni corrected).

3.3 | RESULTS

3.3.1 | FEF and IFJ localizer samples ALE main clusters

In the FEF localizer sample, the activations converged most strongly in two main
clusters localized in the left and right posterior dorsolateral PFC. Two ALE peaks were found
near the junction of the sPCS with the SFS, localized in the anterior (in the LH) and posterior
(in the RH) banks of the sPCS (Figure 1). These peaks match well the classical description of
the human FEF as inferred with fMRI (Petit and Pouget 2019; Vernet et al. 2014). Our LOEO
procedure overall confirms the reliability of the localization of these ALE peaks (see Table 3;
LH: 26/35; RH: 23/35). In the IFJ localizer sample, the activations converged more strongly
in two main clusters localized in the left and right posterior ventrolateral PFC. These clusters
extended both in the dorsal and ventral portion of the iPCS, partially encroaching on the IFS
(see Figure 1). The cluster in the right hemisphere was slightly more focused spatially
compared to the cluster in the left hemisphere. Crucially, in both clusters, we found that the
ALE peaks were localized along the posterior bank of the iPCS, near its ventral junction with
the IFS, which closely matches the description of the IFJ (Derrfuss et al. 2005; Muhle-Karbe
et al. 2016). Again, our LOEO procedure overall suggests that these ALE peaks are highly
reliable across experiments (see Table 3; LH: 31/32; RH: 24/32).
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FIGURE 1 FEF and IFJ localizer samples - ALE main clusters. A ALE results from the
FEF localizer sample. Two main clusters were found in the posterior dorsolateral PFC, which
corresponds to the description of the anatomical location of the FEF (Paus 1996; Vernet et al.
2014). The FEF peaks were localized at the junction of the sPCS and the SFS, in the anterior
(in the LH) and posterior (in the RH) banks of the sPCS. B ALE results from the IFJ localizer
sample. Two main clusters were found in the posterior ventrolateral PFC, and their respective
peaks were localized along the posterior bank of the iPCS, near its ventral junction with the
IFS. The location of these peaks and the corresponding MNI coordinates match the
description of the IFJ (Derrfuss et al. 2005; Muhle-Karbe et al. 2016)
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3.3.2 | FEF localizer sample ALE results - FEF lateral peak and other significant
clusters

In the left hemisphere, we also found a lateral peak within the main FEF cluster,
which was localized on the bank of the iPCS, dorsal to its junction with the IFS (see Figure
2). This lateral peak corresponds to what has been previously referred to as the inferior or the
lateral FEF (Derrfuss et al. 2012; Kastner et al. 2007; Luna et al. 1998). In addition to the
main FEF clusters in the left/right PFC, the ALE technique revealed three other consistently
activated clusters. These clusters were localized in the medial frontal gyrus and the left/right
posterior parietal cortex (Table 1). The cluster in the medial frontal gyrus comprised the
SCEF (Amiez and Petrides 2009) and the dorsal cingulate motor cortex (Glasser et al. 2016).
In the posterior parietal cortex, two bilateral superior clusters spanned the precuneus and the
SPL (Scheperjans et al. 2008a, 2008b), and an additional cluster was found in the right
anterior intraparietal area (Glasser et al. 2016; Numssen et al. 2021).

FIGURE 2 FEF localizer sample ALE
results - FEF lateral peak and other significant
clusters. In the FEF localizer analysis, we also
found a lateral peak in the LH, which was
localized near the bank of the iPCS, dorsal to
its junction with the IFS, corresponding to the
iFEF (Kastner et al. 2007; Luna et al. 1998). It
is unclear whether this region should be
considered part of the FEF proper (Glasser et
al. 2016; Mackey et al. 2017). We found three
other significant clusters localized in the
supplementary and cingulate eye field (SCEF)
and the dorsal cingulate motor cortex, and the
precuneus/superior parietal lobule (SPL) and

the right anterior intraparietal area
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3.3.3 | IFJ localizer sample ALE results - Other significant clusters

In addition to the main IFJ clusters in the left/right PFC, we found seven consistently
activated clusters forming a broad fronto-parietal network (see Figure 3). In the frontal
cortex, the first cluster was localized in the in the dorsal anterior cingulate cortex (dACC;
Cole and Schneider 2007) and SCEF (Amiez and Petrides 2009), a second in the left
precentral gyrus (within the putative FEF), and finally, two other clusters were localized in
the bilateral insular cortex and claustrum (Table 2). Posteriorly, we also found a cluster in the
left SPL/inferior parietal lobule (IPL), and a smaller cluster in the right SPL/IPL (Numssen et
al. 2021; Scheperjans et al. 2008a, 2008b).

FIGURE 3 IFJ localizer sample ALE
results - Other significant clusters. In
addition to the bilateral IFJ clusters, we
found significant activations in the
dACC/SCEF, the left FEF, in two clusters in
the insular cortex and claustrum (not visible
in the left hemisphere), and finally, in the
SPL/IPL. Given that these areas were
activated across different paradigms, we
suggest that they could be associated with
the “encoding and updating of task-relevant
representations” as first hypothesized by
Derrfuss et al. (2005). From a network
perspective, they belong to the frontoparietal

network (Cole et al. 2013; Yeo et al. 2011)
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3.3.4 | Spatial relationship of the main FEF and IFJ clusters and ALE peaks with
previous coordinate-based meta-analyses, macro-anatomical information and the
MMP1

The comparison of the FEF and IFJ ALE peaks from the localizer samples analyses
overall shows good spatial correspondence with results from previous meta-analyses and the
MMP1 (Glasser et al. 2016), but with some important differences that are worth examining in
detail (see Table 3). The FEF ALE peaks from our results are localized much more medially
and posteriorly relative to the results reported in Paus (1996), highlighting marked spatial
differences with this landmark FEF meta-analysis. In contrast, the IFJ ALE peaks are
virtually identical to those reported in the study by Derrfuss et al. (2005; but with slightly less
agreement in the right hemisphere), where the authors also employed the ALE technique in
one of its earlier implementations. Macro-anatomically, according to the Mindboggle 101
atlas (Klein et al. 2012; Manera et al. 2020), the LH FEF and RH FEF peaks lie within the
caudal middle frontal gyrus (in BA 6; see Table 3) and not in the precentral gyrus, as
previously assumed based on non-human primate evidence (Bruce et al 1985; Schall et al.
2020, and Tehovnik et al. 2000, for reviews). These results are consistent with the few pieces
of evidence available on the delineation of this region based on cytoarchitecture in
post-mortem studies (Rosano et al. 2003; Schmitt et al. 2005). While the left IFJ ALE peak
was found in the precentral gyrus (in BA 6; see Table 3), interestingly the right IFJ ALE peak
was instead localized within the pars opercularis (in BA 9). The distinctive architecture of the
IFJ remains elusive, but these peaks agree with the general idea that this area is localized in
several Brodmann areas (BA6, 8, 9, 44 and 45), and may correspond to a specific cyto- and
chemo-architecture found dorsal to BA44 (Amunts and Von Cramon 2006; for a recent
fine-grained analysis of its architecture see Ruland et al. 2022).

Finally, in our opinion, the most interesting results of these comparisons were those
obtained from the projection of our main FEF and IFJ clusters on the FSaverage surface using
the method from Wu et al. (2017) where we could carefully examine their spatial relationship
with the MMP1 (Glasser et al. 2016; see Figure 4). The FEF clusters covered almost the
entire middle and anterior part of the FEF (as defined by the corresponding MMP1 label) but
also large parts of the middle and posterior 6a region. Moreover, the left and right hemisphere
ALE peaks were found within area i6-8 and area 6a, anteriorly and dorsally relative to the
FEF, respectively. The IFJ clusters instead spanned multiple MMP1 labels, including areas
PEF, 6r, IFJp and IFJa. While in the left hemisphere, the majority of the vertices of the cluster
were localized in the middle and posterior aspect of the IFJp, in the right hemisphere most of
the vertices were localized in the ventral 6r region. Crucially, in both hemispheres, however,
the ALE peaks were localized in this region (i.e., 6r), ventrally relative to the IFJp.
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FIGURE 4 Projection on FSaverage of the FEF and IFJ main clusters and comparison
with the MMP1 taxonomy. A Vertices corresponding to the FEF clusters. Both clusters
covered the middle and rostral parts of the FEF label as defined according to the MMP1 atlas,
but they also covered large parts of area 6a. In the left hemisphere, vertices were also
localized in the iFEF, which matches almost exactly the boundaries of area PEF from the
atlas. The LH FEF peak was localized within area i6-8, just anterior to the FEF, and the RH
FEF peak was localized within area 6a, dorsal to FEF. Despite this difference, both peaks
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were localized near the junction of the sPCS and the SFS, in the anterior bank and the
posterior banks of the sPCS, respectively. B Vertices corresponding to the IFJ clusters. They
showed a similar elongated shape that approximately followed the posterior iPCS and
encroached onto the IFS, and they spanned multiple MMP1 areas. Importantly, we found that
in both hemispheres the IFJ peaks were localized near the junction of the iPCS and the SFS
within area 6r, posteriorly to the IFJp

3.3.5 | Meta-analytic connectivity modeling results

The MACM analysis of the FEF and IFJ revealed a broad set of regions that
coactivated with these seeds in the BrainMap database (see Figure 5) encompassing the
frontal, parietal and temporal cortices. The LH FEF seed coactivated with other six clusters
(see Figure 5, panel A), and the RH FEF coactivated with other eight clusters (Figure 5, panel
B). Interestingly, while these FEF coactivations included as expected medial oculomotor
regions (the SCEF) and the SPL/IPL, in both analyses we found coactivated clusters in the
bilateral ventral PFC, which included parts of the iFEF and the IFJ based on their localization
relative to the iPCS and the IFS. The LH IFJ coactivated with a broad set of other nine
clusters (Figure 5, panel C), and the RH IFJ coactivated with only five other clusters (Figure
5, panel D). The coactivations of these bilateral seeds spread onto the IFS and ventrally in the
insular cortex and claustrum. Again, these coactivations included clusters in the SCEF, the
SPL/IPL and the angular gyrus. In contrast to the FEF coactivations, where the bilateral IFJ
was always coactivated, we did not find FEF coactivations in the IFJ MACM results, except
for the ipsilateral FEF in the LH IFJ MACM analysis. Another crucial difference was that in
this analysis, we found a large cluster in the left temporal lobe that included the fusiform
gyrus and the inferior occipital cortex. We confirmed these patterns by performing an ALE
contrast analysis between the FEF and IFJ MACM results in each hemisphere (see
Supplementary Information p. 16). To summarize, while the FEF MACM analysis showed
that this region is consistently coactivated with the ventrolateral PFC and regions in the
posterior parietal cortex across paradigms, the IFJ had more widespread coactivation patterns
(particularly in the LH), being more strongly connected with the rest of the PFC and with the
insular cortex and claustrum, and possessing a differential connectivity pattern with regions
of the inferior temporal cortex. In contrast, we found differential coactivations of the LH and
RH FEF with the ipsilateral precuneus/SPL and lateral intraparietal areas. In addition to
revealing the task-based functional connectivity fingerprints of these regions (i.e., the
coactivation patterns, as reported above), our functional decoding approach in BrainMap also
allowed us to uncover the behavioral domains significantly associated with each of them
(Figure 5, right side of each panel; see Supplementary Information p. 16 for a summary of
these results).
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FIGURE 5 Meta-analytic connectivity modeling results. A and B depict the coactivation
profiles of the FEF, and C and D the coactivation profiles of the IFJ. On the right side of each
panel: decoding results of the significant associations with behavioral domains (p < 0.05,
Bonferroni corrected)

3.4 | DISCUSSION

The PFC is essential to several aspects of flexible goal-driven behavior that are
mediated by specialized brain regions (Fuster 2000; Miller and Cohen 2001). The FEF and
the IFJ have been previously implicated in covert spatial attention and oculomotor control on
the one hand (Corbetta et al. 1998; Vernet et al. 2014), and working memory and cognitive
control on the other (Bedini and Baldauf 2021; Brass et al. 2005). Their localization has been
traditionally associated with the major sulci of the posterior-lateral PFC, namely the SFS and
the sPCS, and the iPCS and the IFS, respectively (Brass et al. 2005; Paus 1996). Due to the
large body of empirical work that has accumulated over the past years on these regions
(Bedini and Baldauf 2021) and the parallel development of more robust meta-analytic
techniques for neuroimaging data (Fox et al. 2014), we felt the need to reassess previous
results in light of the current evidence, with a specific focus on overcoming discrepancies in
the definition and localization of these regions using fMRI in humans. In particular, in this
study, we sought to accurately estimate the precise localization of these regions in standard
space by performing a coordinate-based meta-analysis using the ALE technique (Eickhoff et
al. 2012). To model the spatial convergence of activations within the FEF, we analyzed data
from 35 fMRI studies (35 experiments) that investigated the planning and execution of
prosaccades and prosaccades and antisaccades contrasted against a fixation baseline in 449
subjects. To model the spatial convergence within the IFJ, we analyzed data from 30 fMRI
studies (32 experiments) that investigated visual attention, working memory, and cognitive
control, in 563 subjects. In contrast to previous ALE meta-analyses (Derrfuss et al. 2005:
Grosbras et al. 2005: Jamadar et al. 2013) that relied on the false discovery rate, our study
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implemented a much more stringent method for multiple comparison correction (i.e.,
voxel-level FWE). We also included only 3T and 4T fMRI studies to make our inference
spatially more reliable. Moreover, testing for significance in each voxel individually enabled
us to carry out a fine-grained assessment of activations across experiments. Crucially, we
found that by modeling activity across studies (thus partially overcoming inter-individual
variability), sulcal landmarks are indeed consistently associated with both regions, as
indicated by the location of the ALE peak values (see Figure 1 and Table 3). Our results thus
suggest a robust association of structure and function in these higher regions (Frost and
Goebel 2012; Miller et al. 2021; Van Essen 2007; Wang et al. 2015), similar to what previous
studies have shown in early to mid-level visual regions (Benson et al. 2012; Hinds et al.
2008, 2009). We suggest that this association should be examined by future fMRI studies
more systematically at the individual-subject level (Amiez and Petrides 2018; Derrfuss et al.
2009, 2012). Given the limitations of previous meta-analyses (Derrfuss et al. 2005; Grosbras
et al. 2005: Jamadar et al. 2013; Paus 1996), we recommend using the coordinates reported in
the present study to define FEF and IFJ based on the ALE technique.

The FEF is arguably one of the most important regions of a network involved in the
planning and execution of saccadic eye movements and has been extensively studied in
primates (Schall and Thompson 1999; Tehovnik et al. 2000). In humans, this network usually
comprises a set of regions in the lateral and medial frontal cortex, posterior parietal cortex,
and subcortical nuclei (Corbetta et al. 1998; Grosbras et al. 2005), and has been mainly
investigated with fMRI over the past 25 years, enabling to characterize their respective
functions (McDowell et al. 2008). Following the crucial foundation set by primate
neurophysiology (Bruce et al. 1985; Buschman and Miller 2009; Moore and Fallah 2001), the
human FEF has often been seen as not only implicated in the production of visually-guided
and voluntary saccades and other oculomotor behaviors (Schall 2015), but also covert shifts
of spatial attention, spatial working memory, and also more complex executive functions
(Corbetta et al. 1998; Fiebelkorn and Kastner 2020; Vernet et al. 2014). Converging lines of
research suggest that the FEF works as a spatial priority map (Fiebelkorn and Kastner 2020;
Jerde et al. 2012; Sprague and Serences 2013). The localization of the human FEF is however
highly debated and affected by strong spatial variability (see Bedini and Baldauf 2021, and
Vernet et al. 2014 for a discussion), possibly due to inter-individual differences that are
obscured when only reporting group-level results. Previous ALE meta-analyses provided
evidence of consistent activations within FEF across PET and fMRI experiments
investigating prosaccades and antisaccades (Cieslik et al. 2016; Grosbras et al. 2005; Jamadar
et al. 2013). However, given the coarser spatial resolution of PET and low field strength MRI
scanners (i.e., 1.5T) and acquisition methods that were included in these previous
meta-analyses, these studies were only partially able to accurately infer spatial convergence
across experiments, as well as dissociations across paradigms and contrasts. In addition, some
of these studies relied on earlier implementations of the ALE technique, which allowed for
within-study effects (see Turkeltaub et al. 2012), and critically, more liberal statistical
thresholds and multiple comparisons correction solutions (such as false discovery rate, which
is no longer recommended, as it is not considered appropriate for spatial inference; Eickhoff
et al. 2016). Finally, another aspect that is difficult to evaluate retrospectively was the
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reporting of an implementation error in an earlier ALE version (Eickhoff et al. 2017), which
affected the meta-analyses previous to that report. In this study, we attempted to overcome
some of these limitations by applying a conservative thresholding method and by including
higher field fMRI studies (i.e., 3T or 4T) to accurately infer the localization of the human
FEF in standard space. Our ALE results, obtained by analyzing prosaccades > fixation,
antisaccades > fixation, and prosaccades and antisaccades > fixation contrasts across 35 fMRI
experiments (see Table S1), show that the highest spatial convergence based on the ALE
value was found within two bilateral clusters in the dorsolateral PFC, localized in the anterior
bank of the sPCS, near its junction with the SFS (see Figure 1; Table 2). The comparison with
one of the most comprehensive brain parcellations available to date, namely the MMP1
(Glasser et al. 2016), revealed some interesting topographic differences. While many of the
projected voxels of our FEF clusters were localized within the middle and anterior part of the
MMP1 FEF region, a considerable portion was also spreading dorsally in the middle and
posterior 6a region. Furthermore, the ALE peaks were localized within area i6-8 in the left
hemisphere, and area 6a in the right hemisphere according to the MMP1. In the left
hemisphere, a ventral cluster corresponding to the inferior or lateral FEF (Derrfuss et al.
2012; Kastner et al. 2007; Luna et al. 1998) overlapped almost entirely with the PEF. These
results suggest that there may be important differences in the way the FEF is defined across
methods. The MMP1 was created by a careful manual delineation combining structural MRI
(cortical thickness and myelin ratio), resting-state fMRI connectivity, and retinotopic
mapping techniques (Glasser et al. 2016). Additionally, fMRI contrasts from nine tasks were
also employed to infer areal boundaries (Barch et al. 2013), which were chosen to optimally
balance breadth vs depth and scan time (Elam et al. 2021). Although we regard the MMP1 as
a step change in our understanding of brain organization, and in particular of the fine-grained
organization and structure of the PFC both in humans and in non-human primates (Donahue
et al. 2018), we would like to suggest that more information gathered from task-based fMRI
will be needed to better understand the functional subdivision of the plPFC. In particular,
following the taxonomy proposed by the MMP1, major efforts should be made to isolate FEF
activity from posterior activity in the premotor cortex on the one hand (area 6d), and from a
newly discovered language selective region that borders the FEF ventrally on the other,
namely area 55b (for a discussion on inter-individual variability in the spatial organization of
these regions see Glasser et al. 2016). Ultimately, future developments of a functional
localization method will facilitate the convergence of atlas-based and fMRI information to
allow the delineation of anatomical clusters of activation within FEF with adequate functional
specificity. Our ALE results partly suggest that this is needed as the current gold standard for
localizing the FEF may lead to the inclusion of voxels from heterogeneous brain regions as
defined according to the MMP1 atlas, possibly also due to the greater inter-subject variability
that characterizes the posterior-lateral PFC (Bedini and Baldauf 2021; Glasser et al. 2016).

In this direction, a very compelling set of results were reported by Mackey et al.
(2017), who identified two retinotopic maps in the sPCS (sPCS1 and SPC2) and a third one
in the iPCS. By examining the correspondences between their results and the MMP1 (see
Figure 8 from their study), they found that the sPCS2 corresponded to the FEF, while the
sPCS1 corresponded to areas 6a and 6d. Interestingly, they also reported that in all subjects
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and both hemispheres, the foveal representation was localized in the fundus of the sPCS, at
its intersection with the SFS. This description closely matches the localization of our ALE
peaks, which raises the question of whether the fMRI contrasts we included in our
meta-analysis could be targeting specific neural populations within the FEF. It is well
established that in the macaque, a population of neurons shows increased firing rates when
the animal is fixating and is inhibited when executing saccades (hence termed ‘fixation’
neurons; Bruce and Golberg 1985; Hanes et al. 1998; Lowe and Schall 2018). Are these
populations of neurons also present in humans, and how are they distributed within the FEF?
Are these neurons associated with the significant increase in the BOLD signal when
comparing saccades to peripheral positions against a fixation baseline, and what is the role of
saccadic amplitude in isolating peaks of activity within the FEF (see Grosbras 2016)? An
additional aspect that may be worth investigating is whether the activations found in one or
more of these clusters (for example, the iFEF) are dependent on some artifacts present in the
experimental design or analysis. In the 35 experiments we analyzed, 10 didn’t record eye
movements in the scanner (see Table S1), making it at least likely that some of these clusters
were driven by mixed signals and in the worst case, by spurious neural activity that was not
related to saccadic behavior. For example, it is well documented that eye blinks can
contaminate BOLD signal (Bristow et al. 2005; Hupé et al. 2012), and this fact was invoked
to explain discrepancies in the oculomotor organization in primates (Tehovnik et al. 2000)
and as a signal driving iFEF responses (Amiez and Petrides 2009; Kato and Miyauchi 2003).
In conclusion, we strongly agree with the general caveat that the way the FEF is defined is
ultimately constrained by the technique employed (Schall et al. 2020; Vernet et al. 2014), and
in particular its spatial resolution. The localization and the extent of the FEF cluster should be
inferred based on the convergence of multiple criteria (primarily architectonic, sulcal,
functional, connectional, and also comparative). With the present ALE meta-analysis, we
aimed at providing updated quantitative evidence on the localization of this region in
standard space using standard functional localizers across over 400 subjects. However,
additional efforts will be needed to understand the organization of the human eye fields in the
PFC and their relationship with sulcal neuroanatomy at the individual-subject level (Amiez et
al. 2006; Amiez and Petrides 2018; Frost and Goebel 2012). Careful mapping of the
localization of the human FEF is also essential to bridge research in humans and non-human
primates and will be crucial for testing hypotheses about homologies in the organization of
the prefrontal cortex across species, for example, based on connectivity information (Mars et
al. 2021; Neggers et al. 2015; Sallet et al. 2013).

The study of the role of the ventrolateral PFC in various cognitive functions such as
non-spatial attention, working memory and cognitive control led to the definition of the IFJ
as a separate brain region involved in critical aspects of all these functions (Brass et al. 2005;
Derrfuss et al. 2004, 2005). This region seems to be tightly coupled with specific sulcal
landmarks across individuals, namely the junction of the iPCS and the IFS (Derrfuss et al.
2009) and belongs to the frontoparietal network (Cole and Schneider 2007; Cole et al. 2013;
Yeo et al. 2011). Recent fMRI evidence from a large sample moreover showed that the IFJp
is one of the core multiple demand regions of the brain (Assem et al. 2020). In this study, we
therefore pooled together results from the various tasks that have been used to localize this
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region (see Table S2) ranging from attentional (i.e., RSVP/oddball; Asplund et al. 2010; and
endogenous cueing paradigms; Baldauf and Desimone 2014; Zhang et al. 2018), working
memory (primarily n-back paradigms; Zanto et al. 2010), and cognitive control paradigms
(i.e., task-switching and Stroop tasks; Brass and Von Cramon 2002; Derrfuss et al. 2012).
Following a previous meta-analysis (Derrfuss et al. 2005), we reasoned that the spatial
convergence across these paradigms (rather than a single task) would allow us to infer the
accurate localization of the IFJ in standard space. Consistent with our hypothesis, we found
two prominent clusters of activation in the ventral PFC. Based on the respective ALE peak
values, the highest convergence was found in the posterior bank of the iPCS, approximately
at the height of its ventral junction with the IFS (see Figure 3; Table 2). The comparison of
these results with the MMP1 (Glasser et al. 2016) through their projection to the FSaverage
surface revealed additional interesting topographic differences. Both IFJ clusters spanned
several regions of the MMP1, including areas PEF, 6r, IFJp, and IFJa (Figure 6, panel B),
with the majority of the voxels being localized around the borders of IFJp, 6r and the PEF.
Moreover, both ALE peaks were localized in area 6r, ventral to the IFJp. These results
suggest that the paradigms currently employed to localize the IFJ, and some of those which
can be considered promising candidates for this purpose, will also tend to activate voxels
from several other brain regions as defined according to this atlas. This problem is further
exacerbated by the fact that the IFJp itself and the neighboring regions are also part of the
multiple demand system, so many experimental manipulations will tend to coactivate some of
them at the same time, thus concealing its boundaries. We examined potential differences in
localization between paradigms in a control analysis (see Figure S6 in the Supplementary
Information). Taken together, our results showed that oddball/attention paradigms tend to
activate voxels that are localized in the posterior aspect of the IFS, whereas both working
memory and cognitive control paradigms tend to activate more posterior voxels in the banks
of the iPCS. These results seem to suggest that these paradigms consistently recruit different
IFJ subregions and additional regions, although their overlap is precisely localized within the
IFJ.

An interesting approach that recognizes the integrative nature of the IFJ draws from
the combination of different paradigms and uses the conjunction of the respective activations
to localize this region, which may overcome some of the previous limitations. Stiers and
Goulas (2018) analyzed the voxel responses across three different tasks (Eriksen flanker task,
backmatching or n-back task, and a response switching task) to define the prefrontal nodes of
the multiple demand system in 12 subjects. A manipulation of task difficulty in each of the
previous tasks was used to identify voxels that were modulated by increasing cognitive
demands, which were used to define ROIs in each subject in a conjunction analysis across
tasks for further analyzing their relative task preference and functional connectivity patterns.
Their conjunction analysis revealed local maxima of activity within the IFJ, where voxels
with different task preferences exhibited distinct functional connectivity patterns with the rest
of the brain (Stiers and Goulas 2018). Based on these results, it may be argued that no single
task alone would adequately capture the selectivity patterns of neural populations within the
IFJ; rather, manipulations of task difficulty combined with the administration of different
tasks could provide an unbiased way of localizing this region in individual participants. The
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results of the present study aimed at providing quantitative evidence of the convergence of
activations within the IFJ across non-spatial attentional, working memory, and cognitive
control tasks across over 500 subjects, which we hope will help guide future research aimed
at understanding the relationship between the function and localization of the IFJ, and its
relationship with sulcal neuroanatomy at the individual subject level (Derrfuss et al. 2009).
Future meta-analyses should better clarify how activations from different tasks that tap
cognitive control functions map onto the ventro-lateral PFC and assess whether they may
recruit distinct subregions near the IFJ (see for example Kim et al. 2012, and Nee et al. 2013),
which was however outside the scope of our present work.

A secondary goal of the present study was to uncover the task-based functional
connectivity fingerprint (Passingham et al. 2002) of the FEF and the IFJ in a data-driven
fashion. We retrieved in the BrainMap database all the studies that reported activations within
a cuboid seed centered around the FEF and IFJ standard coordinates found in our ALE main
localizer analyses and we employed the MACM technique (Langner and Camilleri 2021) to
uncover their coactivation profiles. Importantly, while previous studies already performed
MACM analyses on the FEF (Cieslik et al. 2016) and the IFJ (Muhle-Karbe et al. 2016;
Sundermann and Pfleiderer 2012), our study is to our knowledge the first that used this
technique on the results of an ALE analysis specifically aimed at localizing these regions
(and not a manual or atlas-based delineation) using a conservative seed extent (6 mm). Our
MACM analysis allowed adequately powered inference in each seed region (n > 17
experiments; Eickhoff et al. 2016) and revealed broad networks of coactivations that
encompassed the frontal, parietal and temporal cortices (see Figure 5). The most remarkable
differences between FEF and IFJ coactivation patterns were that on the one hand, the LH and
RH FEF coactivated with the bilateral ventrolateral PFC (iFEF and IFJ), whereas only the LH
IFJ coactivated with the left FEF in the experiments retrieved. On the other hand, the LH IFJ
had stronger and more widespread coactivations in PFC and the insular cortex and was also
coactivated with the inferotemporal cortex. These coactivation patterns may be essential for
the IFJ to perform its role in feature- and object-based attention tasks (Baldauf and Desimone
2014; Gong and Liu 2020; Meyyappan et al. 2021) and could be in turn supported by its
underlying anatomical connectivity patterns (Baldauf and Desimone 2014; Bedini et al.
2021). These results are consistent with the idea of a dorso-ventral segregation of
fronto-parietal coactivations forming a spatial/motor and a non-spatial/motor network, and
that is in turn associated with the first and third branch of the superior longitudinal fasciculus,
respectively (Parlatini et al. 2017). In addition, our functional decoding results suggest that
these systematic coactivation patterns allow these regions to support multiple yet specialized
roles in flexible goal-driven behavior (Assem et al. 2020; Fiebelkorn and Kastner 2020; Ngo
et al. 2019).

3.5 | CONCLUSION

Our study provides the accurate localization of two regions of the posterior lateral
PFC, namely the FEF and the IFJ. These regions are tightly linked to sulcal landmarks as
measured using fMRI across over 400 hundred subjects, with the FEF being localized at the
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junction of the sPCS and the SFS, and the IFJ at the junction of the iPCS and the IFS.
Functionally, they appear to be organized according to a dorso-ventral gradient, going from
areas responsible for sensorimotor transformations and action execution (FEF, iFEF), to areas
that are involved in maintaining and updating behavioral goals according to internal
representations (IFJ; Nee et al. 2013; O’Reilly 2010). Taken together, our findings aim at
proposing a consensus standard localization of these regions in standard space, and
meta-analytic groundwork to investigate the relationship between functional specialization
and connectivity in large publicly available neuroimaging datasets (e.g., Markiewicz et al.
2021; Van Essen et al. 2013), as well as to guide future non-invasive brain stimulation
studies.
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3.6 | SUPPLEMENTARY INFORMATION

FIGURE S1 PRISMA flow chart FEF sample
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FIGURE S2 PRISMA flow chart IFJ sample
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Supplementary Table 1 List of the studies included in the FEF localizer sample
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Supplementary Table 1 (Continued)
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Supplementary Table 2 List of the studies included in the IFJ localizer sample
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Supplementary Table 2 (Continued)
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3.6.1 | ALE control and contrast analyses method

We carried out two control analyses in the FEF and IFJ localizer samples to rule out
potential biases in our main results. As we were mainly interested in inferring the localization
of the FEF and IFJ, we decided to include studies with partial brain coverage. We motivated
this choice by accepting the tradeoff between having access to a larger sample of experiments
for these regions, as opposed to having less sensitivity in detecting other regions that are
consistently active during the tasks included (which however are not the main focus of the
present study), but not reported simply due to the lack of whole-brain brain coverage. The
inclusion of studies with partial brain coverage is however generally not recommended in
ALE analyses (Müller et al. 2018). In our first set of control analyses, we have therefore
excluded those studies based on the FOV parameters reported in the study (see Tables S1 and
S2) or the author’s description of the fMRI data acquisition. This led to the exclusion of two
experiments from the FEF sample (namely Amiez and Petrides 2018, and Berman et al.
1999), and one study in the IFJ sample (Sreenivasan et al. 2014). For this control analysis, the
ALE parameters were set to 5000 threshold permutations and a voxel-level FWE of 0.01 with
a minimum cluster size of 50mm3 (corresponding to 6 voxels). The second set of control
analyses was carried out to rule out another potential source of biases, that is, ROI analyses
(Müller et al. 2018). These analyses imply restricting the assessment of statistical significance
by some form of spatial masking. In this case, we excluded all the studies that either carried
out ROI analyses or that only reported their results for specific ROIs (or even only FEF and
IFJ foci; see Tables S1 and S2, column “Results reported for”). This led to an important
decrease in both the FEF and IFJ localizer sample sizes (to 16 and 22 eligible experiments,
respectively). Again, the ALE parameters were set to 5000 threshold permutations and a
voxel-level FWE of 0.01 with a minimum cluster size of 50mm3 (corresponding to 6 voxels),
as in our main localizer analyses.

As we were also interested in exploring potential dissociations in the prefrontal
cortex, we carried out several ALE contrast analyses. For all these contrast analyses, we first
computed separate ALE results for each function or contrast of interest by setting the ALE
parameters to 10000 threshold permutations and a cluster-level FWE of 0.01 with p < 0.001.
The experiments included in either analysis were randomly split into two groups of equal size
to run a third pooled ALE analysis using the same parameters. The ALE scores of these two
groups were then subtracted voxel-wise from each other 10000 times to create a null
distribution of the difference between them. We used a threshold of p < 0.01 to infer
significant differences between the two groups with a minimum cluster size of 25 mm3 (as in
Cieslik et al. 2016). The voxel-wise minimum of the ALE scores between the samples was
used to create the conjunction image that indicates the similarity between the two groups of
experiments.

3.6.2 | ALE control and contrast analyses - FEF sample

1. Cluster-level FWE control analysis. In our main FEF localizer analysis, we applied
voxel-level FWE correction, as this method allowed us a fine-grained assessment of
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the significant activations near the FEF. However, in the case of regions that are
under-reported in the literature (i.e., the iFEF; Derrfuss et al. 2012), the use of a
voxel-level FWE correction method may impose a too-conservative threshold that
would prevent us from detecting clusters of activity that are also consistently activated
in the FEF localizer sample. For instance, this could be due to the fact that most
studies where an FEF functional localizer was employed tend to report only a pair of
bilateral foci, leaving out other regions potentially active in the task (see Table S1 for
the studies that have only reported part of their results), thus biasing the results in
favor of the main activation cluster. In this first control analysis, we applied a less
stringent multiple comparison correction method in order to reveal other consistently
active peaks in neighboring frontal sites, namely cluster-level FWE. This correction
method offers an optimal balance between sensitivity and specificity in ALE analyses
to detect regions that may be under-reported (Eickhoff et al. 2016). As we introduced
above, since the iFEF is under-reported in the fMRI literature, we hypothesized that
this control analysis could be helpful in uncovering these activations. We therefore
repeated the same ALE procedure on the FEF localizer sample setting the ALE
parameters to a p-value of 0.001, with 10000 threshold permutations and applying a
cluster-level FWE of 0.01.

2. ALE contrast analysis - antisaccades vs prosaccades. The second control analysis
was intended as a replication of the ALE meta-analysis by Cieslik et al. (2016), who
performed an ALE contrast analysis between experiments investigating prosaccades >
fixation vs antisaccades > prosaccades in two equal samples of 12 experiments (see
also Jamadar et al. 2013, for previous results). We note that, unlike Cieslik et al.
(2016), we did not include PET studies, and also 1.5T fMRI studies to increase the
spatial accuracy of our analysis (see the Supplementary Table 4 below for the details
of the experiments included).

3. ALE contrast analysis - prosaccades vs covert spatial attention. In our main
localizer analysis, we did not include covert spatial attention tasks as these aren’t
considered the gold standard to localize the FEF. However, covert spatial attention
paradigms are often employed to localize all the main nodes of the dorsal attention
network, including the FEF (Corbetta and Shulman 2002). Therefore, studies using
adaptations of the spatial cueing paradigm (Posner et al. 1980) were included in this
analysis (see Supplementary Table 5). Running a contrast analysis between
prosaccades and covert spatial attention paradigm allowed us to compare the
topography and the sources of overt and covert attention near the putative FEF. For
this analysis, we used prosaccades > fixation vs valid > neutral/invalid trials contrasts.

3.6.3 | ALE contrast analyses - IFJ sample

Given the heterogeneity of the experiments included in the IFJ localizer sample, we
carried out exploratory ALE contrast analyses by splitting up the IFJ sample according to the
function investigated by each paradigm (i.e., oddball/attention vs working memory vs
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task-switching and Stroop paradigms; see Table S2) to see whether these paradigms elicited
activity in distinct regions near the putative IFJ and to assess potential lateralization patterns.
Task-switching and Stroop paradigms were grouped based on the results from Derrfuss et al.
(2005), and we refer to this group of experiments as targeting cognitive control. In the first
group of experiments (oddball/attention), most of the oddball experiments contrasted oddball
> target trials and target trials > baseline (see for example Asplund et al. 2010), thus tapping
on both stimulus-driven and goal-driven attentional mechanisms. There were also some
examples of blocked design cueing paradigms contrasting target vs fixation blocks (Baldauf
and Desimone 2014; Zhang et al. 2018). In the working memory group, the majority of
experiments contrasted the functional connectivity between perceptual seed regions (V4, V5,
FFA) in the attended vs ignored conditions (see for example Bollinger et al. 2010; Lin et al.
2019; Zanto et al. 2010, 2011). We note that even though these studies were based on a
second-level contrasts analysis, and thus involve some form of masking (i.e., the restriction to
a specific brain region for the assessment of the significance level, hence spatial bias), the
significant correlations with each seed were assessed over the whole-brain, making the
localization of the IFJ with this method likely only slightly affected by this issue, if at all.
Indeed, as previously suggested in Nee et al. (2013), their results match well those from
traditional univariate analyses. The cognitive control group was mostly composed of
experiments contrasting switch > repeat trials and incongruent > congruent contrasts in
Stroop paradigms.

We therefore ran three separate ALE contrast analyses:
1. Oddball/attention vs working memory (11 vs 12 experiments):
2. Working memory vs cognitive control (12 vs 11 experiments), and;
3. Oddball/attention vs cognitive control (11 vs 11 experiments).
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Supplementary Table 3 List of the experiments included in the prosaccade > fixation
analysis
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Supplementary Table 3 (Continued)
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Supplementary Table 4 List of the experiments included in the antisaccades > prosaccade
analysis

Supplementary Table 4 (Continued)
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Supplementary Table 5 List of the experiments included in the endogenous covert spatial
attention analysis

Supplementary Table 5 (Continued)
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3.6. | ALE control analyses results

The results of the first control analysis, in which we excluded studies with partial
brain coverage, replicated our main localizer results both in terms of the inferred ALE peaks
and the number and anatomical localization of the significant clusters. In the FEF sample,
the ALE peaks coincided with the main analysis, and the only difference that emerged was a
minor shift of the left iFEF peak (from MNI152: -48, -2, 40 to -46, -2, 38). In the IFJ sample,
the ALE peaks again coincided with the results of our main analysis.

The results of the second control analysis where we excluded all ROI analyses again
matched well with our main results in terms of the inferred ALE peaks but had important
differences regarding the number and anatomical localization of the significant clusters. The
results of this control analysis are reported in Table S6 and Table S7 for the FEF and IFJ
samples, respectively.

In the FEF sample, the cluster with the highest ALE value was now localized
primarily in the left medial frontal gyrus, including the SCEF. The second and third clusters
larger clusters were however again localized in the left and right FEF respectively and were
approximately of the same size. In terms of the inferred FEF ALE peaks, these were almost
identical to our main results (LH main: -28, -6, 54 vs no ROI control: -28, -6, 56; and RH
main: 30, -6, 50 vs no ROI control: 28, -6, 50; all the coordinates are in MNI152 space).
However, in contrast to our main analysis results, the left FEF cluster did not spread onto the
iPCS and there wasn’t any peak corresponding to the iFEF. Interestingly, we also found a
second peak in the right FEF cluster, which was lateral relative to the first, although still
localized within the sPCS (MNI152: 40, -4, 50). Similar to the main results, there were other
two clusters localized in the left and right precuneus and SPL, but we didn’t find evidence of
a cluster in the right IPL, possibly due to the lower sample size (35 vs 16 experiments).

In the IFJ sample, the larger clusters were localized in the left and right IFJ,
replicating our main analysis results. Their ALE peak exactly matched those from our main
results in the left hemisphere (-42, 6, 30) but had some slight differences in the right
hemispheres, where we found two peaks with similar ALE values (main; 46, 12, 28 vs no
ROI control: 46, 10, 26, and 42, 8, 30; all the coordinates are in MNI152 space). This
indicates some residual variability in the localization of the right IFJ, which wasn’t detectable
in our main analysis results. The remaining clusters were similar to the main analysis results,
with the exception that the cluster in the left SPL/IPL was now disjointed into two smaller
clusters.
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Supplementary Table 6 FEF sample no ROI control analysis ALE results

Supplementary Table 7 IFJ sample no ROI control analysis ALE results

3.6.5 | ALE control and contrast analyses - FEF sample results

By repeating the ALE analysis using cluster-level FWE instead of voxel-level FWE,
we were able to uncover bilateral activations ventral to the main FEF ALE peaks. These
activations were extending from the sPCS to the posterior bank of the iPCS and were
primarily localized in the iPCS (see Figure S3), corresponding to the iFEF (Kastner et al.
2007). This highlights the fact that, although these clusters may be under-reported in the
literature (Derrfuss et al. 2012), they were nevertheless consistently activated in our sample
of experiments.

Our two ALE contrast analyses show evidence of important spatial segregation and
overlap within FEF for antisaccades, prosaccades and covert spatial attention contrasts (see
Figures S4 and S5). Starting with the first contrast analysis, we would like to comment
separately on the ALE results for antisaccades > prosaccades and the ‘pure’ prosaccade >
fixation results, as these give important clues on how to interpret the ALE peaks from our
main analysis results (where we also included ‘mixed’ antisaccades & prosaccades > fixation
and antisaccades > fixation contrasts to increase our sample size). In the prosaccades >
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fixation ALE results the FEF peaks were localized in: LH 1st ALE peak (-28, -6, 54); LH 2nd
ALE peak (-52, 0, 40); RH 1st ALE peak (36, -4, 52); RH 2nd ALE peak (30, -4, 50); RH 3rd
ALE peak (34, -2, 50). While the left hemisphere peaks match the main analysis results, in
the right hemisphere the strongest convergence is now found more lateral compared to the
main result ALE peak (30, -6, 50) suggesting a higher variability along this axis (see Figure
S4, Panel A). In the antisaccades > prosaccades ALE results there were only two peaks
localized within FEF, specifically in LH (-26, -2, 56), and RH (-28, -2, 54). These peaks were
localized more anteriorly and medially compared to our main results (Figure S4, Panel B).
This already suggests that there may be important dissociations between the activations
derived from these contrasts. Indeed, when we directly contrasted these two samples, we
found that the antisaccades > prosaccades and prosaccades > fixation experiments
consistently activated segregated prefrontal clusters, as previously reported by other studies
(Cieslik et al. 2016; Jamadar et al. 2013). While in the right hemisphere, the antisaccade
cluster was medial relative to the prosaccade cluster, and largely overlapping at the junction
of the sPCS with the SFS, this organization was less evident in the left hemisphere, where the
two clusters overlapped near the same anatomical location, but with a segregated cluster for
antisaccades localized in its anterior-medial part (see Figure S4, Panel C). Overall, these
results suggest that the additional processes required for the antisaccade task (Munoz and
Everling 2004), namely response inhibition and the execution of a saccade towards the
opposite location relative to the target, consistently recruit the medial part of the FEF
(McDowell et al. 2008). These processes may be mediated by distinct neural populations
within the FEF (see Lowe and Schall 2018, for a classification in the macaque). We also
found two bilateral segregated clusters in the medial prefrontal cortex for prosaccades
localized in the posterior SCEF. The antisaccades clusters were instead localized in the right
anterior SCEF. We did not find clusters in the posterior parietal cortex as in Cieslik et al.
(2016), with the exception of a cluster in the left precuneus/SPL, possibly due to the fact that
our antisaccade sample was lower compared to that study (8 vs 12 experiments), and the
influence of studies only reporting ROI analyses.

Our second ALE contrast analysis, namely between prosaccades and covert spatial
attention activations (Figure S5, Panel C) reveals a clear pattern of overlap near the junction
of the sPCS and SFS. These results are consistent with the hypothesis that covert and overt
attention have a spatially common source within the FEF (Astafiev et al. 2003; Corbetta et al.
1998; de Haan et al. 2008). We also found evidence of segregated clusters, with covert
attention clusters being mostly localized in the posterior bank of the sPCS in the right and to
a smaller extent in the left hemispheres (not visible in Figure S5). These results strongly
suggest that covert spatial attention paradigms may be equally adept as FEF functional
localizers compared to the current prosaccade gold standard, although more trials may be
needed to reliably elicit activations in all subjects due to the weaker nature of the signal
measured (Beauchamp et al. 2001; De Haan et al. 2008).
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FIGURE S3 Results of the first FEF sample control analysis - main clusters of activation.
Applying cluster-level FWE in the ALE analysis allowed us to uncover bilateral activations
ventral to the main FEF peaks. These activations were extending from the sPCS to the
posterior bank of the iPCS, and were primarily localized in the precentral gyrus. These results
reveal the presence of consistent iFEF activations in the FEF localizer sample and three iFEF
peaks (shown in the volumetric views of the figure)
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FIGURE S4 FEF sample contrast analysis between antisaccades > prosaccades vs
prosaccades > fixation contrasts. C The clusters overlap in the bilateral posterior aspect of the
SFS and sPCS. The contrast of these clusters showed that the antisaccades-related clusters
were generally more medial and localized anterior to the prosaccades-related clusters. These
results are consistent with those reported by Cieslik et al. (2016) and suggest that the
additional mechanisms required for the antisaccade task are mediated by separate neural
populations within the medial aspect of the FEF
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FIGURE S5 FEF sample contrast analysis between prosaccades > fixation vs valid >
neutral/invalid trials in covert spatial attention task. C The clear overlap we found at the
junction of the SFS and sPCS supports the hypothesis that covert and overt attention have a
spatially common source within the FEF (Astafiev et al. 2003; Corbetta et al. 1998; de Haan
et al. 2008)
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3.6.6 | ALE contrast analyses - IFJ sample results

By splitting up our IFJ localizer sample based on the paradigm employed (i.e.,
oddball/attention vs working memory vs cognitive control), we found some dissociations
within the putative IFJ, as well as interesting lateralization patterns (see Figure S6). While
oddball/attention paradigms gave rise to bilateral activations near the putative IFJ, working
memory paradigms consistently activated only a right hemisphere cluster, whereas in contrast
cognitive control paradigms were only consistently activating on a cluster in the left
hemisphere. Remarkably, each of these clusters had a quite distinct spatial topography. In the
left hemisphere, the cluster related to cognitive control (task-switching and Stroop
paradigms) extended from the posterior bank of the superior iPCS to the junction of the iPCS
with the IFS, where it overlapped with the oddball/attention cluster (see Figure S6, Panel A).
This cluster further extended anteriorly and ventrally. The same arrangement was
approximately found in the right hemisphere, in which a posterior-dorsal working memory
limited cluster overlapped with the oddball/attention cluster just above the junction of the
iPCS with the IFS (see Figure S6, Panel B). The oddball/attention cluster again extended
anteriorly and ventrally. Finally, the contrast between working memory and cognitive control
only revealed overlap in the left paracentral and midcingulate cortex, as the other clusters
were localized within the right and left hemispheres, respectively (see Figure S6, Panel C).

Based on the results from these ALE contrast analyses and their comparisons with our
main results, we would like to offer some suggestions on how to effectively localize the IFJ
and segregate it from adjacent brain regions. First of all, at the general level, contrasts
involving two demanding experimental conditions (e.g., task switch > repeat trials) may be
more appropriate to measure activity within the IFJ compared to experimental trials vs
passive fixation conditions. Secondly, an even more stringent way to isolate this region would
be to compare experimental conditions that are matched in difficulty, thus avoiding
contamination from non-specific cognitive load effects (as in Baldauf and Desimone 2014).
Oddball/attention paradigms seemed to tap on the same IFJ cluster as found in our main
localizer (see Figure S6, Panel A). However, in the experiments we analyzed, these tasks
usually contrast activity between oddball and target trials, leading to a low number of trials
that are used as functional localizers within each run as a result (Han and Marois 2014). An
additional problem may be caused by spatial smoothing, which would lead to merging
activity with the IFG, a node classically viewed as belonging to the ventral attention network
(Corbetta and Shulman 2002), which is also significantly activated in these paradigms (Levy
and Wagner 2011). Therefore, a more straightforward way to isolate the IFJ from the IFG
may be achieved by administering top-down feature- and object-based attention tasks
(Baldauf and Desimone 2014; Liu et al. 2011; Liu 2016; Zhang et al. 2018) and contrasting
valid > invalid trials collapsed across the stimuli features/dimensions (e.g., similarly to the
approach reported in Zanto et al. 2010). Posteriorly, another important issue is how to
segregate IFJ activity from the iFEF (or the PEF in the MMP1 taxonomy). Derrfuss et al.
(2012) reported that by employing a Stroop paradigm and contrasting incongruent >
congruent trials, they were able to isolate activity from the adjacent iFEF (which was
activated by the execution of voluntary saccades in darkness) in the native space in all the
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subjects they analyzed. These results show a promising way to infer the posterior IFJ
functional border. As suggested previously however in the case of the FEF results, the
presence of significant voxels within the iFEF is particuarly difficult to interpret given that, in
the IFJ localizer sample, only two out of 32 experiments (see Table S2) employed strict
monitoring of eye movements in the scanner. The possibility that the convergence in iFEF in
this sample may be due to this confound cannot be therefore completely ruled out (Amiez and
Petrides 2009; Kato and Miyauchi 2003). Therefore we suggest that future localization
approaches aimed at separating IFJ and iFEF activations must ensure a robust way to prevent
data contamination from oculomotor artifacts. Finally, as suggested in our Discussion, the
combination of different tasks and the manipulation of task difficulty seems a promising
approach to delineate the IFJ based on a conjunction analysis (as in Stiers and Goulas 2018).

3.7.7 | MACM contrast analysis results

To quantitatively examine the dissociations in the MACM patterns of FEF and IFJ for
each hemisphere, we also ran an ALE contrast analysis between the LH FEF vs LH IFJ, and
RH FEF vs RH IFJ coactivation patterns. Our results generally confirm what can be seen in
Figure 5. The LH IFJ coactivated with the RH IFJ and the LH FEF, whereas the LH FEF
coactivated with the RH FEF, and LH and RH IFJ. The LH IFJ had also additional
coactivations with the insular cortex. Medially, there was a posterior cluster in the SCEF
differentially coactivated with the LH FEF, and two clusters in the anterior and mid cingulate
cortex coactivated with the LH IFJ. Posteriorly, we found common activations in the IPL, but
crucially, dissociations in the precuneus/SPL (for LH FEF) and the fusiform face complex,
areas TE2p and V8, and the parahippocampal areas (for the LH IFJ). We found similar results
in the right hemisphere. The RH FEF coactivated with the LH FEF, and the LH and RH IFJ.
The RH IFJ only coactivated with the LH IFJ and had additional coactivations with the
insular cortex. There were differential coactivations of the RH FEF with the precuneus/SPL
and the lateral intraparietal area and common coactivations in the left SPL.

3.6.8 | MACM decoding results

Performing a reverse inference on the coactivation patterns of the LH FEF showed
that the prevalent association was in the ‘action’ behavioral domain (see Figure 5, right side
of panel A), namely execution.unspecified. In the ‘cognition’ domain, there were four
prominent associations with attention, working memory, reasoning and spatial cognition.
Finally, in the ‘perception’ domain, the two highest associations were with vision.motion and
vision.shape. The behavioral domain associations with the coactivation patterns of the RH
FEF (see Figure 5, right side of panel B) were very similar to the LH FEF. Again, the primary
association in the ‘action’ domain was with execution.unspecified. The prevalent association
was however in the ‘cognition’ domain with attention, followed by working memory,
language.speech and by reasoning. As for the previous seed, the two highest associations
were with vision.motion and vision.shape in the ‘perception’ domain.
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FIGURE S6 Results of the IFJ sample control analysis. The IFJ sample was split into three
groups of experiments based on the paradigm employed (oddball/attention, working memory
and cognitive control) to explore potential dissociations between them near the IFJ. In line
with this possibility, we found a lateralized cluster involved in cognitive control (i.e.,
task-switching/Stroop paradigms) in the left hemisphere, and a cluster involved in working
memory (mainly n-back contrasts) in the right hemisphere. These clusters overlapped with a
bilateral cluster associated with oddball/attention experiments at the iPCS and IFS junction,
including the IFJ. The oddball/attention clusters were however generally anterior and ventral
relative to their location in both hemispheres (see A and B)
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The functional decoding of the LH and RH IFJ coactivation patterns uncovered associations
with similar behavioral domains, although with some interesting differences in their
predominance. The LH IFJ coactivations had the highest association with attention in the
‘cognition’ domain (see Figure 5, right side of panel C), followed by language.semantics,
working memory, and language.speech. The next strongest association was in the ‘emotion’
domain with positive.reward/gain. Then, there were significant associations in the
‘perception’ domain with vision.shape and vision.unspecified and audition. Finally, in the
‘action’ domain we found the most prevalent associations with inhibition and
execution.unspecified. As for the previous seed, the RH IFJ had the highest association with
attention in the ‘cognition’ domain (see Figure 5, right side of panel D). In the same domain,
there were also strong associations with working memory, language.semantics, reasoning,
and language.speech. Next, we found two prominent associations in the ‘action’ domain with
inhibition and execution.unspecified. Again, we found an association with
positive.reward/gain in the ‘emotion’ domain. Lastly, the strongest associations in the
‘perception’ domain were with vision.shape, audition and somesthesis.pain.

3.6.9 | Limitations

While we believe that the present study significantly advances our understanding of
the localization and spatial organization of areas in the posterior-lateral PFC, we would like
to acknowledge its limitations. First of all, even though the inclusion of ROI analyses is not
recommended according to the best practices reported in Muller et al. (2018), we nevertheless
decided to include them to increase our sample size, as we were mainly interested in inferring
the localization of their peaks. When we excluded them in a control analysis (reported in
section 4 above), we showed that the inferred ALE remained virtually identical. We note
however that the inclusion of these studies may have inflated the ALE values associated with
the FEF and IFJ clusters in our main results, and potentially also their spatial extent. A
second limitation of our study is that although we strived to include as many functional
localizers as possible, particularly in the IFJ sample many of the included coordinates were
only based on the results of the main fMRI task, and not an independent fMRI localizer. It is
not clear to what extent these IFJ activations can be replicated, and there may be a file drawer
problem in this sample, which is typically an issue in ALE meta-analyses (Acar et al. 2018).
A related limitation of our study is the fact that our samples were retrieved by using these
regions’ labels from the literature, which may raise a circularity concern. We would like to
point out first that these keywords applied to all the fields in the Web of Science and were
indexing relevant papers based on any of the three words (e.g., ‘frontal’, ‘inferior’, ‘eye
field’, and so on), making these filters much broader than the exact labels. Second, we deem
the possibility that, for example, a study investigating oculomotor control using a functional
localizer did not report activity in the FEF or cite any related literature on the FEF very
unlikely. In the case of the IFJ however, we recognize that this strategy may have introduced
some level of bias for studies that used novel fMRI paradigms, which may have been avoided
by adopting a more conventional approach, where studies are included mainly according to
the type of task employed. Finally, despite the fact that we tried to include experiments that
tapped onto similar cognitive functions (i.e., spatial attention and oculomotor control for the
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FEF, and attention, working memory and cognitive control for the IFJ) to infer spatial
convergence within FEF and IFJ, these experiments didn’t measure a single cognitive
function but rather a collection of several distinct functions and sub-processes, some of which
share an important degree of overlap. The detailed investigation of each separate component
of these functions/processes, which are often subsumed under the umbrella term of executive
functions, would require examining a broader number of paradigms than we included in our
analyses, and could lead to further insights into anatomo-functional dissociations in the
prefrontal cortex.
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Chapter 4

Surface-based probabilistic tractography uncovers
segregated white matter pathways underlying spatial vs
non-spatial control

Parts of this work were published as a conference proceeding and as an extended abstract in
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4.1 | INTRODUCTION

A longstanding tradition in contemporary neuroscience argues that in primates, the
locus of behavioral control and flexibility is seated in the prefrontal cortex (PFC; Chafee &
Heilbronner, 2022; Fuster, 2001; Luria, 1966; Szczepanski & Knight, 2014). Here, several
regions constitute crucial hubs that are part of different brain networks with adaptive
functions (Assem et al., 2020; Cole et al., 2013; Duncan, 2001; Vincent et al., 2008; Yeo et
al., 2011). In this regard, the role of persistent activity within the PFC is widely recognized as
the neural substrate of the cognitive processes underlying complex, goal-driven behavior
(Curtis & Sprague, 2021; Goldman-Rakic, 1996; Miller & Cohen, 2001; Serences, 2016). In
the human posterior-lateral PFC (plPFC), the frontal eye field (FEF; Corbetta & Shulman,
2002; Petit & Pouget, 2019; Vernet et al., 2014) and the inferior frontal junction (IFJ; Brass et
al., 2005; Muhle-Karbe et al., 2016) exhibit the characteristics of control regions that are
involved in a wide array of processes ranging from attention, working memory, and other
forms of cognitive control. Both regions show sustained responses during the cue and delay
period of attention and working memory tasks (Astafiev et al., 2003; Courtney et al., 1998;
Giesbrecht et al., 2003; Liu et al., 2003; Serences et al., 2004; Zanto et al., 2010) and are
involved in biasing activity in posterior brain regions (Baldauf & Desimone, 2014; Barceló et
al., 2000; Marshall et al., 2015b; Ruff et al., 2006; Sneve et al., 2013; Veniero et al., 2021;
Zanto et al., 2011; Zhang et al., 2018). Crucially, however, recent evidence suggests that they
differ in their selectivity to spatial versus non-spatial information: on the one hand, the FEF
predominantly encodes spatial information (Fiebelkorn & Kastner, 2020; Jerde et al., 2012;
Kastner et al., 2007; Mackey et al., 2017; Sprague & Serences, 2013), whereas, on the other
hand, the IFJ may predominantly encodes non-spatial (i.e., feature- and object-based)
information (Baldauf & Desimone, 2014; Liu, 2016; Liu et al., 2011; O’Reilly, 2010; Zanto et
al., 2010). fMRI studies that employed multivariate pattern analysis (MVPA; Haxby, 2012;
Kamitani & Tong, 2005) to decode the attended and memorized information from these
regions provide some evidence that supports this view (Gong & Liu, 2020; Jerde et al., 2012;
Liu, 2016; Liu et al., 2011; Liu & Hou, 2013; Meyyappan et al., 2021; Muhle-Karbe et al.,
2017; see chapter 2 for a discussion), albeit none of these studies was able to show a double
dissociation in these patterns in the strict sense, which remains a goal for future research. The
hypothesis of a dissociation in the selectivity of the FEF and IFJ is strikingly in line with the
conceptual framework that was originally proposed by Goldman-Rakic and colleagues
(Goldman-Rakic, 1996; Wilson et al., 1993; Constantinidis & Qi, 2018, for a review) to
explain the organization of the lateral PFC in non-human primates, based on the evidence
from molecular, single-unit recordings, and tract-tracing studies (Cavada & Goldman-Rakic,
1989; Goldman-Rakic, 1996; Funahashi et al., 1989). Concerning the latter research line,
tract-tracing evidence suggests that the dorso-lateral PFC and the ventro-lateral PFC are
characterized by divergent patterns of anatomical connectivity to the 'what' and ‘where’
visual pathways (Goodale & Milner, 1992; Mishkin et al., 1983), respectively (Barbas &
Pandya, 1989; Felleman & Van Essen, 1991; Webster et al., 1994; Yeterian et al., 2012). In
humans, however, the anatomical connectivity of the plPFC remains elusive and is primarily
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inferred non-invasively using diffusion MRI (dMRI; Johansen-Berg & Behrens, 2013) and
tractography (Jbabdi & Johansen-Berg, 2011; Jeurissen et al., 2019).

Previous dMRI studies were able to reveal that many aspects of the organization of
prefrontal connectivity are preserved across the macaque and the human brain (Croxson et
al., 2005; de Schotten et al., 2012; Jbabdi et al., 2013a), which allows for the detailed study
and identification of potential homologies between the two species (Neubert et al., 2014;
Sallet et al., 2013), and crucially to formulate hypotheses motivated by comparative evidence
in humans (Mars et al., 2021; Schall et al., 2020). The characteristic patterns of connectivity
(i.e., the connectivity fingerprint) of each region in the PFC fundamentally underlies its
specialized role in cognition (Mars et al., 2018a; Passingham et al., 2002). Each region’s
unique set of afferent and efferent connections in fact ultimately constrain the inputs it
receives (and consequently its selectivity for specific sensory information), as well as its
ability to control and bias activity elsewhere in the brain to solve specific tasks, respectively
(Passingham & Lau, 2022; Petrides et al., 2012). Previous dMRI studies were mainly aiming
at addressing comparative questions about the organization of the PFC and also to provide a
validation of tractography methods by comparing invasive tract-tracing measures with
probabilistic tractography results (see for example Jbabdi et al., 2013a). A critical issue of
these studies is however that the seed regions used to perform the probabilistic tractography
analysis were not functionally localized at the individual subject level. The regions employed
were instead derived from atlases based on cytoarchitectonic criteria, thus making it unclear
to interpret whether and how the modeled connectivity fingerprints may constrain and
underlie the function of the PFC regions examined. In contrast, dMRI studies combining the
functional localization of the FEF and IFJ at the individual subject level using fMRI, with the
analysis of their structural connectivity with tractography, do offer some interesting
preliminary evidence on the involvement of long-range association pathways in mediating the
complex goal-driven behaviors associated with these regions (reviewed in chapter 2). Of
importance to the present study, the studies by Anderson et al. (2012), Sczepanszki et al.
(2013), and Umarova et al. (2010) all showed converging evidence that the FEF is wired
through fiber pathways running dorsally to the posterior parietal cortex (PPC). Baldauf and
Desimone (2014) classified the structural connectivity likelihood of the fusiform face area
(FFA) and parahippocampal place area (PPA) seeds (which were defined through an fMRI
functional localizer) with the frontal cortex, highlighting the highest probability in regions of
the ventro-lateral PFC (including the IFJ). Collectively, these studies were important in
suggesting the idea that the PFC communicates with the parietal and temporal cortices
through distinct, reciprocal and partially segregated white matter pathways. These putative
pathways are moreover known to be supported by specific white matter association fibers (de
Schotten et al., 2011). Using an approach known as virtual dissection (Catani et al., 2002), it
is possible to delineate fibers that compose large bundles non-invasively via dMRI
tractography (Catani & de Schotten, 2008; Warrington et al., 2020). Influential dMRI studies
suggest that the major white matter bundle that mediates the communication within the
frontoparietal network is the superior longitudinal fasciculus (SLF; de Schotten et al., 2011;
Schmahmann & Pandya, 2006), which is subdivided into three branches (SLF1, SLF2, SLF3)
that run parallel to each other from the most dorso-medial to the ventro-lateral direction.

120



___________________________________________________________________________

Collectively, the SLF is thought to subserve visuo-spatial and attentional functions (de
Schotten et al., 2011; Marshall et al., 2015a; Parlatini et al., 2017; Quentin et al., 2015).
Indeed, damage to the SLF often leads to the neglect syndrome (Bourgeois et al., 2015; de
Schotten et al., 2011; Doricchi et al., 2008), particularly when the right hemisphere is affected
(see Bartolomeo & Seidel Malkinson, 2019, for a review). In addition to lesion evidence,
which relates specific symptoms to behavioral deficits, the functions of the SLF have also
been inferred by combining tractography with meta-analytic techniques. According to a
large-scale study combining the virtual dissection of the three branches of the SLF in 129
participants with 14 fMRI meta-analyses, the SLF1 would primarily mediate ‘spatial-motor’
and the SLF3 ‘non-spatial-motor’ cognitive components (Parlatini et al., 2017).

In a more recent and comprehensive effort to understand the organization of the
networks involved in attention control in humans, the study by Sani and colleagues (2021)
analyzed dMRI data from 263 participants released by the Human Connectome Project (HCP;
Van Essen et al., 2013) using constrained spherical deconvolution (Tournier et al., 2007) and
probabilistic ensemble tractography (Takemura et al., 2016). Their study provided compelling
evidence that the putative human posterior infero-temporal area (phPIT) forms part of an
interconnected network encompassing the FEF and the lateral intraparietal area dorsal (LIPd)
as defined by the multi-modal parcellation (MMP1) by Glasser et al. (2016). The FEF and
LIPd are two areas well known to be involved in the control of spatial attention and form the
core of the dorsal attention network (Corbetta & Shulman, 2002; Fiebelkorn & Kastner,
2020). The additional involvement of the area phPIT was revealed using fMRI in a motion
discrimination attentional task, complemented by two additional functional localizers and
retinotopic mapping to better refine its boundaries relative to nearby visual regions. Finally,
this study also uncovered the white matter bundles underlying the connectivity patterns found
in the whole-brain connectome by using waypoint masks and computing their spatial overlap
with an independent bundle segmentation (Bullock et al., 2019). Using this method, the
authors showed that the communication between FEF and LIPd is mediated by the SLF2 and
in part by the SLF3, that between FEF and phPIT by the posterior branch of the arcuate
fasciculus (AF) and the temporo-parietal connection to the superior parietal lobule (SPL), and
finally that between LIPd and phPIT by the AF and the inferior fronto-occipital fasciculus
(IFOF). The evidence for the latter two connections (in terms of spatial overlap and
streamline endpoints) however wasn’t exactly clear, which suggests that these connections
may be not well characterized by current models of bundle organization. Interestingly, the
organization of the frontoparietal bundles (i.e., the FEF-LIPd connections) matches well the
one described in their previous study in the macaque using the same non-invasive techniques
(i.e., dMRI, fMRI attentional localizer task; Sani et al., 2019). In summary, this study
highlights the complex organization of the attention networks across three lobes of the human
cerebral cortex.

Overall, the studies discussed in the previous paragraphs provide valuable evidence to
understand the organization of the connectivity within the attention (i.e., dorsal and ventral
attention network; DAN, VAN, respectively) and frontoparietal (FPN) networks, which may
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help clarify the specific functional role of each of their nodes. We note however that these
studies arguably face a tradeoff between having limited statistical power (Botvinik-Nezer et
al., 2020; Button et al., 2013), but with the great advantage of having seeds functionally
localized at the individual level, as opposed to the ability to perform analyses on very large
datasets but with regions defined at the group level (i.e., using an atlas), which may however
not represent the individual brain organization faithfully. Even though the functional
localization of ROIs at the individual level seems to be to date the most accurate way to
overcome the issues associated with group-level analyses performed on a brain template
(Coalson et al., 2018; Fedorenko, 2021) and crucially to infer their connectivity fingerprints
and interpret them in a way that bears a strong relationship with their function (Mars et al.,
2018a), the localization of the seeds regions may, in fact, be difficult and impractical to scale
to larger samples. As a consequence of the former limitation, another major barrier in
adequately mapping the connectivity fingerprints of a brain region is the fact that most
available models of brain organization (i.e., brain atlases and parcellations, which are often
used as surrogates of the localization of brain regions based on functional localizers) aren’t
tailored to incorporate information from large collections of task-fMRI data (Eickhoff et al.,
2018b; but see Fan et al., 2016, and Glasser et al., 2016). Indeed, as I argued in chapter 3
there may be important discrepancies between the localization of regions in the PFC as
inferred from task-based fMRI and the MMP1. In the activation likelihood estimation (ALE)
fMRI meta-analysis presented in that chapter, I attempted to overcome these issues by
modeling the average localization of FEF and IFJ in standard space using two samples of
experiments from well-replicated fMRI paradigms that target these regions. This
meta-analytic technique allows to infer robust brain-behavior relationships and to model
spatial uncertainty related to inter-individual variability (Eickhoff et al., 2012). Using the
coordinates inferred from a meta-analysis has the advantage of enabling us to relate the
functional specialization of FEF and IFJ to their underlying connectivity patterns in large
neuroimaging datasets. Although previous tractography studies suggest that the FEF and the
IFJ may communicate with posterior parietal and temporal regions through different and
segregated pathways (Anderson et al., 2011; Baldauf & Desimone, 2014; de Schotten et al.,
2011; Sani et al., 2021; Sczepanszki et al., 2013; Umarova et al., 2010), no study has yet
directly contrasted their connectivity fingerprints to the dorsal and ventral visual streams
(Goodale & Milner, 1992; Mishkin et al., 1983). A divergence in these patterns would be
expected based on the principles of anatomical connectivity discovered in the macaque PFC
(Cavada & Goldman-Rakic, 1989; Romanski, 2004; Webster et al., 1994; Yeterian et al.,
2012), and may help to further highlight how long-range association pathways underlie the
functional specialization of these regions in spatial versus non-spatial control processes.
Therefore in the present study, we sought to investigate the structural connectivity
fingerprints of the FEF and IFJ with posterior visual regions. In particular, we combined an
ALE meta-analysis - which allowed us to accurately infer the localization of these regions in
standard space - with surface-based probabilistic tractography (Hernandez-Fernandez et al.,
2019) - to contrast their connectivity likelihood to the global dorsal and ventral visual streams
(Goodale & Milner, 1992). Finally, we also performed the virtual dissection of the major
white matter association bundles connecting the PFC and posterior regions to further uncover
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the structures underlying the connectivity patterns hypothesized (Barrett et al., 2020;
Warrington et al., 2020).

4.2 | MATERIALS AND METHODS

4.2.1 Subjects and data sources

In the present study, we used the structural and dMRI data from the HCP MEG
subjects release (Van Essen et al., 2013), which is publicly available at:
https://db.humanconnectome.org. Thanks to the access to restricted demographic information,
we retrieved a subset of the data by filtering the initial sample (n = 95) according to the
following criteria (see Figure 1 for a schematic): first, we discarded subjects who had
documented quality control issues (n = 4); next, we identified all the subjects with family
relationships (i.e., twins), and a single twin was randomly selected while all the related twins
were discarded from the sample. This led to the inclusion of 36 subjects with no family
relationship. Finally, we added to this sample all the unrelated subjects from the release who
also had resting-state MEG data available (n = 20), since the parallel analysis of the latter
modality is part of ongoing work from our lab. Hence, for all the analyses reported in the
following, our sample is composed of a total of 56 subjects from the HCP MEG release (age
range: 22-35, mean = 28.66 ± 3.81). This sample size is considerably larger compared to
previous dMRI studies (see the Introduction section) and is crucial to enable reliable
statistical inference for dMRI tractography, whose results are still in need of being validated
more thoroughly by comparing them with ex-vivo data (see Donahue et al., 2016; Grisot et
al., 2021; Miller et al., 2011; Reveley et al., 2015; Sarwar et al., 2021; Van den Heuvel et al.,
2015).

FIGURE 1 Schematic of the sample selection procedure from the HCP-MEG dataset.

4.2.2 Localization of the FEF and IFJ seed regions

We performed an ALE fMRI meta-analysis (Eickhoff et al., 2012) to infer the most
accurate localization of the FEF and IFJ in MNI152 space. This analysis was carried out on
subsamples of the list of studies presented in chapter 3 of this dissertation. In the FEF
subsample, we included all the tasks that were analyzed in chapter 3 (i.e., prosaccades >
fixation, antisaccades > fixation and antisaccades > prosaccades, valid > neutral/invalid
trials), with the addition of more complex oculomotor contrasts (for examples, see Jarvstad &
Gilchrist, 2019, and Thakkar et al., 2014). In contrast, in the IFJ subsample, we included all
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the studies presented in chapter 3 with the exception of Meyyappan et al., (2021). Both
subsamples included 21 studies from which a single contrast of interest was used as input for
ALE (see Appendix A, Tables 1 and 2 for details about the FEF and IFJ studies,
respectively). There were 25 experiments in the FEF sample and 22 experiments in the IFJ
sample. Thus, despite the fact that our samples were lower than the analysis presented in
chapter 3, this analysis was still adequately powered according to the recommendations by
Eickhoff et al. (2016), who recommend 17-20 experiments as a lower boundary. The ALE
parameters were set to p = 0.01 and a cluster-level family-wise error (FWE) = 0.01 using
1000 permutations. Given these differences in the two meta-analyses samples, the
coordinates of the ALE peaks generally matched but were slightly shifted in the case of RH
FEF (here LH FEF: -28, -6, 54, and RH FEF: 32, -4, 52, whereas in chapter 3 they were LH
FEF: -28, -6, 54, and RH FEF: 30, -6, 50), and LH IFJ (LH IFJ: -42, 8, 26, and RH IFJ: 46,
12, 28, whereas in chapter 3 they were LH IFJ: -42, 6, 30, and RH IFJ: 46, 12, 28), although
they remained identical for the LH FEF and the RH IFJ. To the extent that our method
allowed, these differences should only have minor effects on the results presented in the
following as our seeding approach included the updated ALE peak coordinates corresponding
to the results from our larger ALE meta-analysis presented in chapter 3. We refer to section
4.2.4 for additional details about our seeding approach.

4.2.3 Probabilistic tractography method

The analyses of dMRI data were performed using the FSL FDT software (Jenkinson
et al., 2012; v. 6.0.5). We downloaded the preprocessed 3T dMRI data of the 56 subjects
selected from: https://db.humanconnectome.org. The HCP 3T dMRI was acquired at multiple
b-values (b = 1000, 2000, and 3000 s/mm2) and by sampling 90 directions for each shell, with
1.25mm isotropic resolution. Importantly, this acquisition scheme was allowed by the use of a
customized 3T (Siemens Skyra) ‘Connectome’ scanner with increased gradient strength (100
mT/m) and multiband pulse sequences (Elam et al., 2021). The HCP consortium developed
and improved a preprocessing pipeline to compensate for the increased distortions in the data
due to their custom acquisition (Sotiropoulos et al., 2013a). Susceptibility-induced
distortions, eddy currents and subject motion were corrected using tools from FSL (namely,
topup and eddy; Anderson & Sotiropoulos, 2016). Collectively, the efforts from HCP to
optimize data acquisition, increasing spatial resolution, and their careful preprocessing
approach led their consortium to release dMRI data of unparalleled quality (Elam et al.,
2021). This high spatial resolution and excellent data quality across modalities (MRI, dMRI)
is particularly beneficial for the aims of our study, as mitigating partial volume effects (i.e.,
the mixing of different tissue types within a voxel; Miller et al., 2011) can help achieve better
accuracy in assigning streamlines to their targets when tracking near the cortex
(Hernandex-Fernandez et al., 2019; Sotiropoulos et al., 2013a). All the dMRI analyses
reported in the following were performed on the subjects’ native space in the original data
resolution (i.e., 1.25mm). First, we ran the FSL command DTIFIT on the preprocessed dMRI
data to obtain the fractional anisotropy (FA) image, which we used for performing image
registrations to the native dMRI space from the FreeSurfer space. The HCP extended
structural preprocessing folder contains all the outputs from the FreeSurfer recon-all
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segmentation pipeline, including the pial and white matter surfaces. To infer the connectivity
likelihoods between our seed and target regions, we implemented the FSL FDT analysis
pipeline, which involves two main steps, namely bedpostx (Jbabdi et al., 2012) and
probtrackx (Behrens et al., 2007). Bedpostx is a Bayesian approach for estimating the fiber
orientation distribution function (fODF) using Markov Chain Monte Carlo methods (Behrens
et al., 2003). BedpostX models the diffusion signal in each voxel with 2 compartments, which
is commonly referred to as the ‘ball and stick’ model (Jbabdi et al., 2012). Importantly, this
method allows the modeling of up to 3 fiber orientations in each voxel (Behrens et al., 2007).
An automatic relevance determination algorithm prunes exceeding fibers that are not
supported by evidence from the data (Behrens et al., 2007). An additional iteration of
bedpostx involves the modeling of non-monoexponential signal decays in multi-shell data
(Jbabdi et al., 2012), which is currently what is implemented as model 2 in the FSL version
we used. Recent progress in the analysis of multi-shell dMRI data led to the development of
Rubix (Sotiropolous et al., 2016), which is an improved data fusion approach suitable for 3T
and 7T HCP data. Due to its high computational demands, Rubix was run by adapting the
GPU version of bedpostx implemented on a CUDA architecture (Hernández et al., 2013) and
the 3T dMRI processed data was released by the HCP in December 2016. Given that this step
is computationally intensive and the advantages offered by the GPU implementation of
bedpostx (Sotiropolous et al., 2016), we downloaded the processed 3T dMRI HCP data (i.e.,
the bedpostx outputs) of the 56 subjects selected and used them as starting points for our
probabilistic tractography pipeline. The following sections describe in detail our
methodology for probtrackx (Behrens et al., 2007).

4.2.4 Seeding approach and motivation

The FEF and IFJ seeds were mapped to the native dMRI space using the FNIRT warp
files present in the HCP 3T structural MRI directory by applying these transformations to the
ALE FEF and IFJ peak coordinates in MNI152 space and using the FA image as a reference.
The ALE peaks of each seed were then projected onto the WM/GM boundary of each
subject’s (the low-resolution native white matter surface, i.e., with 32k vertices) as follows.
We first created a sphere of a 2.5mm radius centered around the ALE peak non-linearly
registered to the native diffusion space. Each FEF and IFJ sphere therefore consisted of a
6.25mm diameter sphere at this stage. We note that by virtue of this method our spheres now
also included the coordinates corresponding to the ALE peaks presented in chapter 3. Next,
we used the command-line tool surf_proj from FSL to map these spheres to the white
matter/grey matter (WM/GM) boundary as provided by the FreeSurfer segmentation (i.e.,
*h_white.gii). The latter file was mapped from the FreeSurfer space to the diffusion space
using the tool surf2surf from FSL as described in the wiki
(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT/UserGuide). We used the ‘mean’ method in
surf_proj, and we further increased the step size by the voxel size (i.e., 1.25mm) until each
subject had identifiable vertices corresponding to the volumetric spheres (see Figure 2 for
examples of this projection). For all the subjects analyzed, the final step size was set to
2.5mm. We note that this value roughly matches the cortical thickness observed in the regions
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lying next to the superior precentral sulcus (sPCS) and inferior precentral sulcus (iPCS;
Glasser et al., 2016).

FIGURE 2 A Projection to the WM/GM boundary method and examples for the B the
FEF seed projections and C the IFJ seed projections.

4.2.5 Cortical parcellation and definition of the target regions of the two visual streams

Recent approaches to parcel the human cortex can leverage multiple sources of
information (Eickhoff et al., 2018b), including structural, functional and connectional
information. In this regard, the MMP1 published by Glasser et al. (2016) represents a step
change in our understanding of the macro-organization of the human cortex based on the
combination in architecture, function, retinotopy and connectivity as measured from 210
individuals using high-resolution data acquired with the HCP protocols. By detecting sharp
changes across these features, Glasser et al. (2016) delineated the boundaries of a total of 180
regions per hemisphere, providing one of the most detailed atlases available to date. This
atlas arguably provides us with unique advantages to systematically investigate the
connectivity of FEF and IFJ to the posterior visual cortex defined using these multimodal
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criteria. The MMP1 was projected on Fsaverage (Fischl et al., 1999) following the
indications from Coalson et al. (2018) by Mills (2016) and was publicly made available at
https://figshare.com/articles/dataset/HCP- MMP1_0_projected_on_fsaverage/3498446. The
resulting FreeSurfer annotation files from the MMP1 atlas were mapped to the native
structural space using the script developed by the CJ Neurolab
(https://figshare.com/articles/dataset/HCP-MMP1_0_volumetric_NIfTI_masks_in_native_str
uctural_space/4249400), which is based on spherical landmark registration (with the
FreeSurfer command mri_label2label; FreeSurfer v6.0; Fischl et al., 1999). In brief, this
script converted these annotation files to label files and mapped them to the native subject
space using the FreeSurfer command mri_label2label. After these steps, all the labels from
the atlas were registered onto the WM/GM boundary of each subject’s (the low-resolution
white matter surface, i.e., with 32k vertices) as estimated by the FreeSurfer reconstruction
(based on the extensive preprocessed structural data resulting from HCP pipelines) using the
FSL’s command label2surf. It is important here to highlight the fact that these surface-based
registration methods achieve much better consistency in labeling cortical areas and better
capture intersubject variability compared to traditional volumetric methods (e.g., FSL’s
FNIRT; Coalson et al., 2018). More specifically, according to Coalson et al. (2018), the
MMP1 can be adequately mapped by using multimodal surface matching (MSM; Robinson et
al., 2014) and FreeSurfer registration algorithms, while FNIRT has the worst performance in
capturing interareal variability compared to the former two (Coalson et al., 2018). Their study
shows that FreeSurfer registration is able to capture 0.473 of the surface area, while
‘MSMAll’, and FNIRT capture 0.564 and 0.367, respectively. Therefore, by using the
procedure described above to map the MMP1 parcellation to the native dMRI space, we were
able to achieve high fidelity in mapping this atlas to the individual cortical anatomy.

To select the parcels of the MMP1 atlas that belonged to the dorsal and ventral visual
streams, I carried out a literature review that included comparative and human fMRI evidence
(Goodale & Milner, 1992; Kravitz et al., 2011, 2013; Wang et al., 2015; Zimmermann et al.,
2018) and was guided by the accompanying materials from the original atlas publication (see
Glasser et al., 2016, supplementary information #3). We note that a previous study already
investigated the connectivity of the extrastriate body area with the dorsal and ventral visual
streams as defined by the MMP1 atlas (Zimmermann et al., 2018). In contrast to this study,
since our study did not involve confounds due to the proximity of the targets to the seed
regions, we could include additional parcels from the MMP1 that were discarded by the
authors for this reason. In addition, we took into account another defining characteristic of the
dorsal visual stream, namely the presence of topographic visual organization, to better refine
the inclusion criteria for the parcels belonging to this stream. To assess whether a parcel
could be considered topographically organized, we visualized both the MMP1 and the atlas
by Wang et al. (2015) by overlaying them on FSaverage (Fischl et al., 1999). In particular, I
visualized the maximum probability maps from Wang’s atlas and hypothesized a one-to-one
correspondence between their regions. Even though these studies relied on different data
sources to create their parcellations, it is widely assumed that the different cortical features
have a high degree of alignment (Glasser et al., 2016) especially early in the visual hierarchy
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(for example, topography and myelin content; see Abdollahi et al., 2014). Therefore, I
expected to find a similar arrangement of regions between the two atlases, which was
confirmed qualitatively by visual inspection. Finally, we excluded from our visual streams’
definition parcels nearby the medial wall, and parcels from the superior temporal lobe and the
temporo-parietal junction were also excluded since they are likely characterized by
distinctive connectional profiles (Kravitz et al., 2013; Mars et al., 2011). In Table 1, I list the
MMP1 parcels that we included in the definitions of dorsal and ventral visual streams.
Crucially, we also decided to not include early visual regions in our probabilistic tractography
analysis, for several reasons. Even though prominent models suggest for example reliable
functional interactions between FEF and V4, especially in the macaque model (Buschman &
Miller, 2007; Moore & Armstrong, 2003), it is unclear whether similar effects are direct or
indirect in humans (Kastner & Ungerleider, 2000). Furthermore, there is also converging
fMRI and EEG evidence of interactions between IFJ and V4 (Zanto et al., 2010, 2011; Zhang
et al., 2018), which however again leaves open the question of whether these effects are
direct or indirect. Another motivation relates to the fact that all the early visual regions are
topographically organized (Sereno et al., 1995; Wang et al., 2015), while some display spatial
and feature selectivity (Maunsell, 2015), hence potentially constituting a zone of graded
influence from either the FEF or the IFJ. In summary, based on these arguments, we decided
to exclude early visual cortex regions from our analyses.

4.2.6 Surface-based probabilistic tractography with GPU acceleration

The multi-shell dMRI data from the HCP allows to take advantage of the better
sensitivity in detecting fiber crossing and conveniently model them using bedpostx (Jbabdi et
al., 2012). Probtrackx samples the fiber orientation estimated with bedpostx to generate a
connectivity distribution between user-defined seed and target regions (Behrens et al., 2007).
This algorithm involves three steps: the first randomly samples a fiber orientation from a
voxel, the second is to propagate along the sampled fiber direction for a fixed distance, and
finally the third step checks for any termination criteria for streamline propagation (Behrens
et al., 2003). Importantly, probtrackx estimates how robust the connection is against noise
and uncertainty, or in other words how reproducible it is (Jbabdi & Johansen-Berg, 2011).
This method thus allows us to infer how likely it is that a region is on the dominant pathway
of anatomical connectivity from a seed region (Jeurissen et al., 2019). Overall, our general
approach for probabilistic tractography closely follows the one published in Donahue et al.,
(2016), and in particular, the approach for the generation of their dense connectome matrix
(termed dDT1 in that publication). We chose to follow this cortical tracking approach as their
study showed that it improved the agreement between dMRI derived connectivity from
probtrackx and retrograde tracing in the macaque, with a correlation factor of r = 0.59. In
contrast to their study however, our tracking approach results are stored in a parcellated
connectome based on the MMP1 atlas without further data processing. As done in that study,
we also tracked the streamlines ipsilaterally from each hemisphere (Donahue et al., 2016).
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Probtrackx was performed by leveraging the GPU implementation of this tool
developed by Hernandez-Fernandez et al. (2019) on a CUDA 9.2 parallel architecture. To
perform this step, we split up the list of targets into 4 sub-groups due to the exceedingly large
memory demands of the computations. The analysis was implemented by setting the
following probtrackx parameters: 50000 streamlines were propagated from each seed vertex
for a maximum of 3200 steps using modified Euler integration. The curvature threshold was
set to 0.2 (corresponding to an 80° turn) with a step length of 0.3125 mm (1/4 of the voxel
length, as in Donahue et al., 2016), and the ‘loopcheck’ flag was enabled to discard
artifactual loops of the streamlines. We used the corpus callosum, subcortical nuclei,
cerebellum, and cerebrospinal fluid masks resulting from the FreeSurfer segmentation (i.e.,
the aseg.mgz file) as ‘avoid’ masks. The native pial surface was instead used as a
‘termination’ mask since this approach is effective in preventing invalid jumps of the
streamlines between adjacent gyri (Hernandez-Fernandez et al., 2019). Whenever a
streamline crossed the WM/GM boundary, the streamline count was increased for the cortical
target corresponding to that vertex. Our methodological approach builds on the growing
literature that focuses on the problem of assigning streamline terminations to cortical areas
(Schilling et al., 2017; St-Onge et al., 2018; Yeh et al., 2019), and the converging evidence
suggesting that surfaces are better equipped to handle more complex geometrical
configurations that are not easy to resolve using more conventional volumetric analyses
(Cottaar et al., 2021; Shastin et al., 2022; Van Essen & Drury, 1997; Yeh et al., 2019). This is
because parcellations in volumetric format create a jagged boundary between the white
matter and the grey matter, with the result that they incorrectly assign streamline terminations
to regions that encroach on the white matter (Yeh et al., 2019). Thus, these structural
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connectome reconstructions are much more prone to partial volume effects (Cottaar et al.,
2021; Kleinnijenhuis et al., 2015; Parvathaneni et al., 2019; Roine et al., 2014). Moreover, it
has been well documented that there is a ‘gyral bias’ in tractography (Cottaar et al., 2021;
Kleinnijenhuis et al., 2015; Reveley et al., 2015; Schilling et al., 2017), which refers to the
effect where streamlines tend to terminate more frequently on the gyral crowns rather than in
the walls or in the fundus of the sulci (Van Essen et al., 2013). This bias particularly affects
long-range association fibers (Reveley et al., 2015), such as the ones we aimed to track in our
analysis. Several studies have shown that seeding from the WM/GM boundary using a
probabilistic algorithm, and using surface files as termination masks (either a pial or
mid-thickness surface), as in the approach we have described above, can significantly
mitigate this bias (Girard et al., 2014; Schilling et al., 2017; Smith et al., 2012), although it
doesn’t entirely eliminate it (Schilling et al., 2017). For the analysis focusing on the distance
confounding factor, we repeated the same command as previously described and enabled the
‘pd’ flag in probtrackx, which multiplies the streamline count for each parcel by the average
distance traveled by the respective streamlines. This approach can be considered a fairly
conservative method to rule out the influence of this bias on the estimated connectivity
likelihoods (Hagmann et al., 2008; Roberts et al., 2016).

4.2.7 Post-processing, statistical analysis and data visualization

Because our seeding strategy involves the propagation of the streamlines from a
variable number of seed vertices, the total number of streamlines initialized is given by 50000
times the number of vertices. The individual raw streamline counts were summed across
vertices and normalized by computing the ratio between the surviving streamline count (SSC)
and the total number of streamlines propagated from each seed region that were not rejected
based on our avoid masks (W; also termed waytotal in probtrackx; see Eichert et al., 2020 for
a similar approach). The normalized streamline count (NSC) therefore is given by:

𝑁𝑆𝐶 = 𝑆𝑆𝐶𝑊
We decided to not normalize the values according to the size of the targets (as done for
example in Baldauf & Desimone, 2014). Although our target regions vary in size and in how
their relate to the cortical morphology (i.e., the gyral patterns), and this could partly explain
the difference observed in their streamline counts, our focus was on contrasting each target
between ipsilateral seeds (i.e., FEF and IFJ), and hence this aspect wasn’t critical in our
analysis. However, we recognize that when analyzing the outputs from the single seeds, this
factor may play a role in shifting the connectivity weights higher towards larger-sized cortical
targets. After these steps, the NSC were averaged across all subjects for each seed to target
region pairs. We contrasted each seed (FEF, IFJ) to target (dorsal, ventral) NSC performing
paired t-tests with p = 0.01 and correcting for multiple comparisons with the false discovery
rate (FDR; q < 0.05; Benjamini & Hochberg, 1995). We first assessed whether our data was
normally distributed via a Shapiro-Wilk test, and whenever this assumption was violated, we
implemented our analysis using the Wilcoxon’s signed-rank test. We also performed a control
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analysis to account for a potential distance confound by repeating the same statistical contrast
(again applying FDR) on the probtrackx outputs that were distance-corrected using the ‘pd’
flag in FSL. The statistical analyses were performed using the JASP software package (JASP
Team, 2023). The FDR was computed using the web utility provided by the software
Seed-based d Mapping available at: https://www.sdmproject.com/utilities. The visualizations
of the cortical connectivity values were created using Connectome Workbench (v. 1.5.0;
Marcus et al., 2013). Custom code written in MATLAB2019b (MathWorks) was used to
generate the RGB values corresponding to the connectivity likelihoods based on the
diverging colormaps developed by Brewer (https://colorbrewer2.org). The raincloud plots
were created using the Python code and functions from: https://github.com/pog87/PtitPrince
(Allen et al., 2021). Finally, all the NSC were log-2 scaled for visualization convenience.
This was necessary as we tracked from a variable number of vertices across subjects, which
led to highly non-linear increases in the number of SSC.

4.2.8 Automatic segmentation of the association white matter bundles of the frontal
lobe, analysis of bundles’ asymmetries and of the cortical projections of the SLF

In Warrington et al. (2020), the authors systematically developed and validated a
method for the automatic segmentation of the major white matter bundles in the HCP and
UK-Biobank datasets. In summary, this method leverages user defined waypoints, exclusion
and termination masks, and by initializing probtrackx from specific seed masks enables their
virtual dissection (Catani & de Schotten, 2008). We used this method to reconstruct the white
matter association bundles of the frontal lobe that could potentially overlap with FEF and IFJ
ALE clusters using the definitions provided by the study from Barrett et al. (2020). Our
bundles of interest included the arcuate fasciculus (AF), the three branches of the superior
longitudinal fasciculus (SLF1, SLF2, and SLF3), and the uncinate fasciculus (UF). For this
analysis, we used a sub-sample of 24 participants from the same 3T dMRI HCP MEG
dataset. This analysis was also performed using the GPU version of probtrackx
(Hernandez-Fernandez et al., 2019). All the white matter bundles of interest were segmented
in the subjects’ native space. The bundles were normalized by their streamline count,
binarized at 0.5%, and a lateralization index (L) was computed using the formula (where V =
volume):

𝐿 =  𝑉 𝑅𝐻 − 𝑉 𝐿𝐻𝑉 𝑅𝐻 + 𝑉 𝐿𝐻
The normality assumption was checked for all bundles with the Shapiro-Wilk test, and we
assessed bundle lateralization using one sample t-tests (p = 0.05) as in de Schotten et al.
(2011). This was done to assess potential differences between the two hemispheres that may
provide complementary evidence to our surface-based probabilistic tractography analysis. In
addition, this provided an indirect way to carry out a sanity check on our bundle segmentation
results, as we expected to find results largely in line with the literature on bundle
lateralization (for example, the SLF2; de Schotten et al., 2011).
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Our method to estimate the cortical projections of the three branches of the SLF
involved the following steps (see Figure 8, panel A): first, we mapped the FEF and IFJ ALE
clusters in MNI152 space to each subject’s T1w image using a non-linear registration with
the FNIRT warps estimated by HCP on the structural data. By leveraging the subject specific
tissue segmentation, we removed all the voxels of the clusters that were contained within the
white matter. We then dilated the ALE masks using a 3x3x3 mm kernel. This step was crucial
to allow the clusters to reach the superficial white matter and follows closely similar
approaches to estimate the bundle’s terminations (Pestilli et al., 2014; Takemura et al., 2016;
Sani et al., 2019). To quantify the likelihood of cortical terminations to each ALE cluster, we
normalized the streamline count by the number of overlapping voxels between each SLF
branch and the FEF and IFJ ALE clusters separately. We contrasted the streamline count
projecting to the FEF and IFJ clusters for the SLF1, SLF2, and SLF3 by performing
Wilcoxon’s signed-rank tests with p = 0.01.

4.2.9 Data availability

The structural and diffusion MRI data released by the HCP were downloaded from:
https://db.humanconnectome.org. The HCP pipelines can be found at:
https://github.com/Washington-University/HCPpipelines. The command-line tools from the
FSL FDT toolbox are available from: https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL. The binaries
of probtrackX GPU implementation were downloaded from:
https://users.fmrib.ox.ac.uk/~moisesf/Probtrackx_GPU/Installation.html. The code for
mapping the MMP1 atlas to the native structural space can be found at:
https://figshare.com/articles/dataset/HCP-MMP1_0_volumetric_NIfTI_masks_in_native_stru
ctural_space/4249400.

4.3 | RESULTS

4.3.1 Surface-based probabilistic tractography results

We contrasted the NSC for each seed to ipsilateral targets separately in each
hemisphere (LH, RH) using the Wilcoxon’s signed-rank test (w), since in all these contrasts
the data violated the normality assumption. All the p values reported are adjusted for multiple
comparisons using the FDR (q < 0.05). The contrast between the LH FEF and the LH IFJ
NSC revealed that in the dorsal visual stream several regions had higher connectivity
likelihood with the LH FEF compared to the LH IFJ (see Figure 3; parcels are always listed
from the most anterior to posterior): 7PC (w, p < 0.001, rB = 0.722), 7AL (w, p < 0.001, rB =
0.9), LIPd (w, p < 0.001, rB = 0.65), LIPv (w, p < 0.001, rB = 0.706), VIP (w, p < 0.001, rB =
0.934), IP1 (w, p < 0.001, rB = 0.843), MIP (w, p < 0.001, rB = 0.872), 7PL (w, p < 0.001, rB
= 0.875), IPS1 (w, p < 0.001, rB = 0.924), V7 (w, p = 0.001, rB = 0.648), V6A (w, p < 0.001,
rB = 0.703), V3CD (w, p < 0.001, rB = 0.851), and V3B (w, p < 0.001, rB = 0.945). All the
remaining contrasts were not significant. Vice versa, the contrast between the LH FEF and
the LH IFJ NSC revealed that in the ventral visual stream several regions had higher
connectivity likelihood with the LH IFJ compared to the LH FEF (see Figure 4): TGv (w, p <
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0.001, rB = −0.559), TE2a (w, p < 0.001, rB = −0.657), TE1m (w, p = 0.002, rB = −0.495), and
TE1p (w, p < 0.001, rB = −0.739). The LH FEF had in contrast higher connectivity likelihood
with the areas VVC (w, p = 0.006, rB = 0.550) and FFC (w, p = 0.006, rB = 0.503) compared
to the LH IFJ. All the remaining contrasts were not significant. The contrast between the RH
FEF and the RH IFJ NSC revealed that in the dorsal visual stream, only one region had
higher connectivity likelihood with the RH FEF compared to the RH IFJ (see Figure 5),
namely 7AL (w, p = 0.001, rB = 0.558). All the remaining contrasts were not significant. Vice
versa, the contrast between the RH FEF and the RH IFJ NSC revealed that in the ventral
visual stream, several regions had higher connectivity likelihood with the RH IFJ compared
to the RH FEF (see Figure 6): TGv (w, p < 0.001, rB = −0.877), TE2a (w, p < 0.001, rB =
−0.87), TE1a (w, p < 0.001, rB = −0.719), TF (w, p < 0.001, rB = −0.628), TE1m (w, p =
0.002, rB = −0.821), TE2p (w, p < 0.001, rB = −0.62), TE1p (w, p < 0.001, rB = −0.94), PH
(w, p < 0.001, rB = −0.772), and VMV1 (w, p = 0.009, rB = −0.853). All the remaining
contrasts were not significant.

In order to better understand these results and replicate them, we investigated whether
they could be due to a distance confound between the seed and the target regions. Therefore,
we reanalyzed our data using the probtrackx outputs that were corrected by distance and
followed the same statistical procedure. In these outputs, each SSC is multiplied by the
average length traveled by the streamlines to reach their targets. All the p values reported are
adjusted for multiple comparisons using the FDR (q < 0.05). The contrast between the LH
FEF and the LH IFJ distance-corrected NSC revealed that in the dorsal visual stream, several
regions had higher connectivity likelihood with the LH FEF compared to the LH IFJ: 7PC (w,
p < 0.001, rB = 0.685), 7AL (w, p < 0.001, rB = 0.901), LIPd (w, p < 0.001, rB = 0.658), LIPv
(w, p < 0.001, rB = 0.64), VIP (w, p < 0.001, rB = 0.904), IP1 (w, p < 0.001, rB = 0.835), MIP
(w, p < 0.001, rB = 0.857), 7PL (w, p < 0.001, rB = 0.872), IPS1 (w, p < 0.001, rB = 0.847), V7
(w, p < 0.001, rB = 0.825), V6A (w, p < 0.001, rB = 0.64), V3CD (w, p < 0.001, rB = 0.811),
and V3B (w, p < 0.001, rB = 0.922). Vice versa, the contrast between the LH FEF and the LH
IFJ distance-corrected NSC revealed that in the ventral visual stream, several regions had
higher connectivity likelihood with the LH IFJ compared to the LH FEF: TGv (w, p < 0.001,
rB = −0.55), TE2a (w, p < 0.001, rB = −0.603), TE1m (w, p < 0.001, rB = −0.589) and TE1p
(w, p < 0.001, rB = −0.732). The LH FEF had in contrast higher connectivity likelihood with
the areas VVC (w, p = 0.002, rB = 0.616), FFC (w, p = 0.005, rB = 0.486) and PIT (w, p =
0.002, rB = 0.64) compared to the LH IFJ. The contrast between the RH FEF and the RH IFJ
distance-corrected NSC revealed that in the dorsal visual stream, only one region had higher
connectivity likelihood with the RH FEF compared to the RH IFJ, namely 7AL (w, p = 0.007,
rB = 0.469), as in our main results. However, we also found that area V3A had a higher
connectivity likelihood with the LH IFJ compared to the LH FEF (w, p = 0.007, rB = −0.535)
in the distance-corrected outputs. Vice versa, the contrast between the RH FEF and the RH
IFJ distance-corrected NSC revealed that in the ventral visual stream, several regions had
higher connectivity likelihood with the RH IFJ compared to the RH FEF: TGv (w, p < 0.001,
rB = −0.906), TE2a (w, p < 0.001, rB = −0.865), TE1a (w, p < 0.001, rB = −0.712), TF (w, p <
0.001, rB = −0.602), TE1m (w, p < 0.001, rB = −0.836), TE2p (w, p < 0.001, rB = −0.729),
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TE1p (w, p < 0.001, rB = −0.926), FFC (w, p = 0.007, rB = −0.515), PH (w, p < 0.001, rB =
−0.776), VMV1 (w, p = 0.006, rB = −0.848), and V8 (w, p = 0.007, rB = −0.723).

FIGURE 3 Raincloud plots (Allen et al., 2021) of the log-2 scaled NSC of the LH FEF
and LH IFJ to each cortical target of the MMP1 from the dorsal visual stream (Glasser et al.,
2016; Wang et al., 2015; Zimmerman et al., 2018). A value of −25 is set as an arbitrary log-2
transformed 0 connectivity likelihood for visualization convenience.
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FIGURE 4 Raincloud plots (Allen et al., 2021) of the log-2 scaled NSC of the LH FEF
and LH IFJ to each cortical target of the MMP1 from the ventral visual stream (Glasser et al.,
2016; Kravitz et al., 2013; Zimmerman et al., 2018). A value of −25 is set as an arbitrary
log-2 transformed 0 connectivity likelihood for visualization convenience.

135



CHAPTER 4___________________________________________________________________________

FIGURE 5 Raincloud plots (Allen et al., 2021) of the log-2 scaled NSC of the RH FEF
and RH IFJ to each cortical target of the MMP1 from the dorsal visual stream (Glasser et al.,
2016; Wang et al., 2015; Zimmerman et al., 2018). A value of −25 is set as an arbitrary log-2
transformed 0 connectivity likelihood for visualization convenience.
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FIGURE 6 Raincloud plots (Allen et al., 2021) of the log-2 scaled NSC of the RH FEF
and RH IFJ to each cortical target of the MMP1 from the ventral visual stream (Glasser et
al., 2016; Kravitz et al., 2013; Zimmerman et al., 2018). A value of −25 is set as an arbitrary
log-2 transformed 0 connectivity likelihood for visualization convenience.
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We summarize these results in Figure 7, where the difference in the NSC between LH
FEF and LH IFJ, and RH FEF and RH IFJ is visualized on the Conte69 reference space (Van
Essen et al., 2012) parcellated using the MMP1 (Figure 7, panel A). All the targets that had a
significantly higher connectivity likelihood with either the FEF or IFJ in both the main results
and the control analysis for distance are indicated by asterisks in Figure 7, panel B.

FIGURE 7 A Difference in the connectivity likelihood of FEF and IFJ with the dorsal and
ventral visual streams visualized on the Conte69 mesh parcellated using the MMP1 schema.
Red shades indicate stronger connectivity likelihood with the FEF, and blue shades indicate
stronger connectivity likelihood with the IFJ. B Spider plots of the log-2 scaled NSC of FEF
and IFJ to each cortical target from the MMP1 (−25 is set as a log-2 transformed arbitrary 0
connectivity likelihood for visualization convenience as in the previous figures). Asterisks
indicate the significant results in the main analysis and were also replicated and the distance
control analysis (** = p < 0.01, *** = p < 0.001).

4.3.2 Results of the analysis of bundle lateralization and relationship between the FEF
and IFJ ALE clusters and the cortical projections of the three branches of the SLF

Our results show that while SLF2 was right-lateralized (t(23), p = 0.015, d = 0.538),
consistent with previous evidence (de Schotten et al., 2011), the SLF3 didn’t show evidence
of right lateralization. In contrast, the UF was left-lateralized (t(23), p < 0.001 , d = −1.198),
and also the AF (t(23), p = 0.02, d = −0.512), as shown in recent studies (Eichert et al., 2019;
Fernández-Miranda et al., 2015). By using our method to estimate the cortical projections of
the three branches of the SLF (see Figure 8, panel A), we found differential terminations to
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the FEF and IFJ ALE clusters in both hemispheres. In the left hemisphere (Figure 8, panel B),
the SLF1 had a significantly higher streamline count that projected to the LH FEF compared
to the LH IFJ (w, p < 0.001, rB = 0.98). In contrast, the SLF3 had a significantly higher
streamline count that projected to the LH IFJ compared to the LH FEF (w, p < 0.001, rB =
−0.947). The analysis of the cortical projections of the SLF2 did not reveal any significant
differences. Similarly, in the right hemisphere (Figure 8, panel C), the SLF1 had a
significantly higher streamline count that projected to the RH FEF compared to the RH IFJ
(w, p < 0.001, rB = 0.86). Again and in contrast, the SLF3 had a significantly higher
streamline count that projected to the LH IFJ compared to the LH FEF (w, p < 0.001, rB =
−0.933). The comparison of the SLF2 projections didn’t reveal any significant differences
also in this hemisphere.

FIGURE 8 A Method to estimate the cortical projections of the three branches of the SLF
to the FEF and IFJ ALE clusters. B Visualization of the segmented SLF1, SLF2, and SLF3
for an example subject overlaid with the dilated FEF and IFJ ALE clusters, and difference in
their cortical projections in the right hemisphere. C Visualization of the segmented SLF1,
SLF2, and SLF3 for an example subject overlaid with the dilated FEF and IFJ ALE clusters,
and difference in their cortical projections in the left hemisphere. In both hemispheres, the
SLF1 had a higher likelihood of projecting to the FEF ALE cluster, whereas the SLF3 had a
higher likelihood of projecting to the IFJ ALE cluster.

4.4 | DISCUSSION

The FEF and the IFJ are prefrontal regions that received increased interest in the field
due to their involvement in multiple orchestrating functions (Brass et al., 2005; Vernet et al.,
2014). Their overarching role is to provide top-down feedback to bias activity in posterior
visual regions in visual attention and working memory tasks (Baldauf & Desimone, 2014;
Veniero et al., 2021; Zanto et al., 2011; Zhang et al., 2018). Their structural connectivity
patterns are however largely elusive to date. In this study, we combined an ALE
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meta-analysis, which allowed us to accurately infer their localization in stereotaxic space,
with surface-based probabilistic tractography - to uncover their structural connectivity
fingerprints (Passingham et al., 2002) with the dorsal and ventral visual streams (Goodale &
Milner, 1992). We parcellated each individual cortex based on the MMP1 (Glasser et al.,
2016) to define our target regions, while we used the FEF and IFJ ALE peaks as seeds and
propagated streamlines from the WM/GM boundary using powerful anatomically-motivated
constraints to our tractography reconstruction. By contrasting the connectivity likelihood of
FEF and IFJ in each hemisphere to all the target regions ipsilaterally, we found that in the left
hemisphere, the FEF had predominant connectivity likelihood with several regions across the
dorsal visual stream, whereas the IFJ had predominant connectivity likelihood with multiple
regions of the ventral visual stream. In the right hemisphere, we found predominant
connectivity likelihood from FEF to a region in the dorsal stream (i.e., 7AL), and again,
predominant connectivity likelihood of the IFJ with several regions of the ventral stream.
Overall, we generally found the strongest divergence in these connectivity patterns in regions
in the mid to high levels in the visual processing hierarchy of each stream, while it was
almost entirely abolished in early visual regions. These patterns underline a gradual rather
than absolute transition in the relative area of predominance of FEF and IFJ connectivity, as
these regions seemed to be also connected to the targets in the non-dominant stream
(particularly the IFJ with parietal regions). Another striking aspect of our results is that they
suggest a remarkable hemispheric asymmetry: while in the left hemisphere they largely
supported our hypothesis in both streams, in the right hemisphere we found results clearly in
line with our prediction only in the ventral visual stream (we offer some suggestions on why
this may be the case four paragraphs below). Crucially, we found highly consistent results in
our control analysis, where we corrected these connectivity likelihoods based on the average
distance traveled by the streamlines to reach their targets from the seeds, thus ruling out this
potential confound. Taken together, our findings reveal a reliable anatomical motif of
segregated prefrontal pathways connecting the FEF and IFJ to the dorsal and ventral visual
streams. These results are consistent with the tract-tracing evidence from the macaque
(Gerbella et al., 2010; Schall et al., 1995; Stanton et al., 1993; Webster et al., 1994; Yeterian
et al., 2012), and suggest that the two stream architecture may extend into the human PFC, as
was first proposed in these comparative studies by Goldman-Rakic and others (Constantinidis
& Qi, 2018; Romanski, 2004; Wilson et al., 1993; Yeterian et al., 2012). Using a virtual
dissection approach (Catani et al., 2002), we related our findings to the underlying
association white matter bundles that form the main frontoparietal and frontotemporal
connections (Barbeau et al., 2020; Barrett et al., 2020; de Schotten et al., 2011; Eichert et al.,
2019). In terms of the cortical projections to the FEF and IFJ, we showed that the SLF1
streamlines predominantly terminated within the FEF ALE cluster bilaterally, whereas the
SLF3 streamlines predominantly terminated within the bilateral IFJ ALE cluster. These two
branches of the SLF could underlie the FEF connectivity patterns to the medial and superior
parietal cortex, and the IFJ connectivity patterns to the lateral inferior parietal cortex,
respectively. The SLF2 instead projected to the FEF and IFJ ALE clusters to the same degree,
thus possibly representing a shared pathway mediating their communications with the PPC
and its associated functions (Parlatini et al., 2017).
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The PFC has typically been conceptualized as the neural substrate of executive
functions (Duncan, 2001; Fuster, 2001). Relating activity in specific regions of the PFC to
their functional specializations has proven challenging (Assem et al., 2020; Duncan, 2010;
Owen et al., 1998; Nee et al., 2013; Wager & Smith, 2003). A promising approach to infer
functional specializations relies on comprehensively mapping the connectivity fingerprint of
each PFC region (Passingham & Lau, 2022). This hinges on the assumption that the functions
of these regions ultimately depend on and are constrained by their unique set of afferent and
efferent connections (Mars et al., 2018a; Passingham et al., 2002; Petrides et al., 2012). In our
ALE meta-analysis (which used a subset of the results that we extended and discussed in
chapter 3), we inferred the localization of FEF and IFJ in standard space based on
well-defined functional localizers and tasks that reliably engage these regions. We modeled
the uncertainty associated with their localization across several hundreds of subjects (378 for
the FEF sample, and 423 for the IFJ sample) and found the highest spatial convergence of
activations at the junction of the superior frontal sulcus (SFS) with the sPCS for the FEF, and
the junction of the inferior frontal sulcus (IFS) with the iPCS for the IFJ. Using the resulting
ALE peaks allowed us to investigate their connectivity in a large dataset by leveraging these
coordinates as functionally-derived priors. While previous studies were instrumental in
mapping fronto-parietal and fronto-temporal white matter pathways using dMRI tractography
(Anderson et al., 2012; Barbeau et al., 2020; Sani et al., 2021; Sczepanszki et al., 2013;
Umarova et al., 2010), they didn’t systematically contrast these connectivity patterns with the
lateral PFC. Some initial evidence linking probabilistic tractography to general principles of
segregation within the plPFC and premotor regions was reported by Tomassini et al. (2007).
The authors showed that the dorsal premotor region had distinct patterns of connectivity with
the superior parietal lobule, dorsal PFC and cingulate cortex, whereas in contrast, the ventral
premotor region had a higher connection probability with the ventral PFC and anterior
inferior parietal lobule. Their connectivity matrices were used to perform a clustering
analysis generating a connectivity-based parcellation delineating the boundary between these
regions. In a similar vein, Baldauf and Desimone (2014) investigated the connectivity
likelihood of the PPA and FFA to structural subdivisions of the PFC, showing that these
regions had higher probabilities of being connected with regions localized within the pars
triangularis, pars opercularis and the caudal middle frontal gyrus (Baldauf & Desimone,
2014). Another great leap forward in mapping the long-range connectivity patterns that
underlie attentional control was the study by Sani et al. (2021). Their comprehensive
approach linked fMRI activity with the comparative mapping of the reciprocal connections
between FEF, LIPd and a newly proposed attentional control node in the posterior temporal
cortex (i.e., phPIT). Area phPIT showed a general absence of significant modulation across
the various fMRI tasks employed to localize it (but only by the locus of attention), thus
suggesting that no feature tuning is present in this area, and leading the authors to suggest
that it may represent a priority map (Fecteau & Munoz, 2006; Zelinsky & Bisley, 2015).
Despite this, their interpretation needs to be supported by further evidence that is not based
solely on univariate analyses, but also on methods capable of fully capturing its activation
profile, such as MVPA. The possibility of some form of functional specialization in these
nodes (FEF, LIPd, phPIT, and IFJ) raises the question of whether the connectivity patterns in
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the control nodes of the attention and frontoparietal network could be organized according to
the representational content encoded, rather than possessing a domain-general organization
(Liu & Hou, 2013), as I suggested in chapter 1 of this dissertation. Our study ties into these
efforts by providing tractography evidence that the PFC, and more precisely the FEF and IFJ,
two crucial attentional control structures, communicate through segregated anatomical
pathways to the dorsal and ventral streams. Our results suggest that their connectivity
fingerprints may enable these regions to efficiently bias activity in the mid to high-level
regions in the respective visual processing hierarchy. By characterizing their distinctive
patterns of anatomical connectivity, our study highlights potential white matter pathways
associated with the types of attentional control (spatial vs non-spatial), and opens the
possibility to fractionate prefrontal networks based on their stimulus domain (Liu & Hou,
2013; Markett et al., 2021; Parlatini et al., 2017; Rajan et al., 2021).

Our probabilistic tractography methodology was carefully modeled on the approach
reported in Donahue et al. (2016), a study in which the authors were able to validate their
results based on retrograde tracer injections. Using the high quality and resolution provided
by the 3T HCP dMRI data (1.25mm isotropic), and performing all our analyses in the native
subject space, we strived to preserve the detailed anatomy of each individual brain. We
parcellated the cortex according to the MMP1 schema, one of the most comprehensive brain
atlases available to date. By mapping the MMP1 to each individual white matter surface
using FreeSurfer registration (Fischl et al., 1999), we fully exploited its high resolution that is
often deteriorated in studies performing analyses in volumetric space (Coalson et al., 2018).
We non-linearly registered the FEF and IFJ ALE peaks to each subject native space and
projected the resulting spheres on the white matter segmentation as well. Our probabilistic
tractography approach was designed to include as many anatomical constraints based on our
specific hypothesis to optimize the reconstruction of long-range cortico-cortical connections
(Jbabdi et al., 2015). In particular, by seeding from the WM/GM boundary and using the pial
surface as a termination mask we attempted to mitigate some of the biases affecting
tractography (Schilling et al., 2017; Van Essen et al., 2013). Firstly, the use of a pial
termination mask allows to discard streamlines that would incorrectly propagate between
adjacent gyri (Hernandez-Fernandez et al., 2019). Secondly, we chose the WM/GM seeding
approach as several studies show that it is beneficial in alleviating the gyral bias affecting
tractography reconstruction (Schilling et al., 2017), as well as in reducing partial volume
effects (Cottaar et al., 2021; Kleinnijenhuis et al., 2015; Parvathaneni et al., 2019; Roine et
al., 2014; Smith et al., 2012) and length biases (Girard et al., 2014). Having the MMP1
projected on the white matter surface improves the assignment of the streamline terminations
to the nearest cortical label (St-Onge et al., 2022; Yeh et al., 2019). Finally, several ‘avoid’
masks, which included the segmentations of subcortical nuclei, the corpus callosum, and the
cerebellum, were added to further discard invalid streamlines that would potentially result in
tracking false positive connections (Hernandez-Fernandez et al., 2019).

In recent years, several attempts have been made to validate tractography results,
including the use of phantoms, ex-vivo data and tracer injections (Jbabdi et al., 2013a; Grisot
et al., 2021; Maier-Hein et al., 2017; Sarwar et al., 2022). These initiatives, which have also

142



___________________________________________________________________________

taken the form of challenges to reconstruct well-known white matter bundles using different
algorithms (Maier-Hein et al., 2017), provided critical information on tractography
limitations and typical pitfalls (Calamante, 2019; Grisot et al., 2021; Reveley et al., 2015). In
this sense, even though we relied on the most up to date FSL pipeline (Hernandez-Fernandez
et al., 2019) and processing practices for tractography that were validated on tracer injections
as a ‘silver standard’ (Donahue et al., 2016; Sarwar et al., 2021), it must be noted that some
of these limitations are also likely to affect our results. Perhaps the most important of these is
the tendency of tractography algorithms, including FSL’s probtrackx, to generate a
considerable number of false positives (Donahue et al., 2016; Maier-Hein et al., 2017). Our
strategy to limit these was based on a priori anatomical information, which we transferred in
our tractography analysis by using termination and avoid masks, tracking only ipsilaterally
and to a limited number of targets (n = 33). Our statistical comparisons between FEF and IFJ
NSC were restricted to these targets, and we applied FDR to further reduce the number of
false positive findings about the divergence in these connectivity likelihoods. However, it is
likely that densely sampling the fiber orientations inferred with bedpostx using 50000
streamlines per vertex to increase our sensitivity may have led to inadvertently increasing the
number of non-plausible streamlines. We would therefore like to acknowledge that a
computational strategy to filter out these streamlines would be beneficial (Daducci et al.,
2014; Pestilli et al., 2014; Smith et al., 2015). Currently, FSL doesn’t include a
post-processing step to filter out spurious streamlines, although the information about the
uncertainty in the connectome reconstruction is already built-in the analysis pipeline (Jbabdi
& Johansen-Berg, 2011). More specifically, probtrackx’s outputs index the probability that a
region is on the dominant pathway of anatomical connectivity from a seed region (Jeurissen
et al., 2019). Hence, regions with low streamline counts should be the pathways that are less
reproducible and contain a greater amount of false positives. However, this measure is in turn
influenced by various factors which are often difficult to control, such as the distance, the
size of the target regions, and finally the noise in the data (Jbabdi & Johansen-Berg, 2011).
When we applied a distance correction based on the average length of the streamlines to our
NSC, as done in previous studies (Hagmann et al., 2008; Roberts et al., 2016), we were able
to replicate our main results, with minor exceptions where the previous effect was no longer
significant. Some of our comparisons seemed however inconclusive, especially in lower
visual regions. For example, for areas V3B and V6 in the dorsal stream, and areas V8,
VMV1, VMV2, and VMV3 in the ventral streams, we did not find an NSC higher than 0 in
more than half of our subjects for both the FEF and IFJ seeds. Thus, using this as a heuristic
criterion, we can consider these comparisons not well supported by the evidence. It is
possible that by propagating streamlines from the full spatial extent of the FEF and IFJ
region, some of these target regions would show reliable connectivity with these seeds. Our
goal was to however keep the seeds as spatially focused as possible in order to maximize the
probability of tapping into the subject-specific FEF and IFJ, as our definitions were based on
a meta-analysis and not direct data from an fMRI localizer task performed by each subject.
The visual inspection of our projection step (Figure 2, panels B and C) confirms that our
seeds were in most cases correctly placed at the junction of the SFS and sPCS (for FEF), and
the junction of the IFS and iPCS (for the IFJ), which gives us strong anatomical clues that
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these should be localized within the individual functional regions of interest. Another critical
aspect of our seeding strategy is the fact that we only tracked from these regions, and not
symmetrically, from seeds to targets and vice versa (as done for example in Rosen & Halgren,
2021). As the FEF and IFJ seeds were however often placed either on the walls or the fundus
of one of the adjacent sulci, tracking from the dorsal and ventral stream target regions to the
seeds would possibly have resulted in severe artifacts and increased inter-individual
variability due to the gyral bias (Schilling et al., 2017; Van Essen et al., 2013). It seems
reasonable to hypothesize that the connections between our seeds and targets that we reported
here are largely reciprocal, and thus include both afferent and efferent connections (Jbabdi &
Johansen-Berg, 2011), although our method doesn’t allow us to distinguish between these
possibilities.

To uncover the association white matter bundles underlying the connectivity between
FEF and IFJ and the posterior visual streams, we carried out the virtual dissection of the AF,
SLF1, SLF2, SLF3, and UF (Barrett et al., 2020) using the protocols described in Warrington
et al. (2020) in a subsample of 24 subjects. We developed a method to project the streamlines
of the SLF1, SLF2, and SLF3 and to estimate their cortical terminations relative to the FEF
and IFJ ALE clusters, which were registered to the native dMRI space of each subject. By
contrasting the normalized count of these projected streamlines, we showed that the SLF1
predominantly projected to the FEF ALE cluster in both hemispheres, while the SLF3
predominantly projected to the IFJ ALE cluster in both hemispheres across subjects. These
results are well in line with those reported by de Schotten et al. (2011), who first highlighted
the relationship between the three branches of the SLF and the DAN and VAN (Corbetta &
Shulman, 2002). With respect to our surface-based tractography, these results suggest that the
main pathway of communication between the FEF and the SPL may be the SLF1, and the one
between the IFJ and the inferior parietal lobule and angular gyrus (including some regions
that were however not part of our hypothesis) may be the SLF3. The analysis of the
projections of the SLF2 suggested that this branch may be a shared pathway from these seeds
to the PPC (Parlatini et al., 2017). Interestingly, as reported in de Schotten et al. (2011), the
SLF2 was right-lateralized (Bartolomeo & Seidel Malkinson, 2019). This may in our opinion
provide a way to reconcile the hemispheric differences in our tractography results for the
dorsal visual stream. In fact, while for the LH FEF we found strong divergence in its
connectivity likelihoods with this stream compared to the LH IFJ, in the right hemisphere we
did not find significant differences, with the exception of a single target region (7AL; see
Figure 7), which is localized in the dorsal and anterior SPL. Quantitatively, it seems that these
results are driven by an increased connectivity likelihood of the RH IFJ with this stream, as
opposed to a decrease in the connectivity likelihood of the RH FEF per se (see Figure 7,
panel B). If we take into account the larger volume of the RH SLF2 and the fact that its
terminations are localized in the PPC, this may provide a basis for these discrepancies in the
divergence between the FEF and IFJ fingerprints in the two hemispheres, although this
interpretation would need to be examined in a separate study. Consistent with this idea
however, a recent study examining the structural connectivity of the DAN and VAN showed
that both networks are right-lateralized (Alves et al. 2022). I suggest that the connections
between the IFJ and parietal regions could support its increased involvement in the DAN in
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the right hemisphere. Regarding the connections of the IFJ with the ventral visual stream, we
hypothesize that they could be mediated by the AF and the UF based on our virtual dissection
results. Classically, the AF connects the ventro-lateral PFC to areas of the middle temporal
lobe (Fernández-Miranda et al., 2015; Rilling et al., 2008). Recent studies have refined our
understanding of the organization of this bundle (Eichert et al., 2019), providing more
accurate indications on its connectional anatomy. The UF runs from the ventro-lateral PFC,
and reaches the anterior temporal lobe. This bundle was already implicated in the
connectivity of the IFJ using deterministic tractography (Baldauf & Desimone, 2014). This
bundle’s anatomy is however difficult to examine in detail using virtual dissection approaches
as its fibers form a continuum that runs through the extreme capsule along with the extreme
capsule fascicle and the IFOF (Weiller et al., 2021). Although the AF and UF showed
evidence of left lateralization, these asymmetries didn’t seem to drive our results, as the LH
and RH IFJ connectivity patterns with the ventral visual stream were largely similar.

In summary, using surface-based probabilistic tractography in this study we present
evidence that the FEF has a predominant connectivity likelihood with regions of the dorsal
visual stream compared to the IFJ (particularly in the left hemisphere), whereas in contrast,
the IFJ has a predominant connectivity likelihood with regions of the ventral visual stream.
These patterns are mediated by long-range association bundles, including the SLF1, SLF2,
SLF3 (D’Andrea et al., 2019; Marshall et al., 2015a), and the AF and UF. These findings
highlight a general anatomical motif of reciprocal segregated white matter pathways from the
PFC and the dorsal and ventral visual streams, suggesting that the two visual stream
architecture may extend into the PFC, as was first proposed based on comparative evidence
(Romanski, 2004; Wilson et al., 1993; Yeterian et al., 2012). These findings further support
the idea of the functional specialization of the FEF and IFJ for spatial vs non-spatial
processing in attention and working memory functions. Based on its set of input and output
connections, the FEF seems to be optimally placed within the visual processing hierarchy
(Felleman & Van Essen, 1991) to efficiently bias spatial selection and spatial working
memory in posterior visual regions (Marshall et al., 2015b; Ruff et al., 2006; Veniero et al.,
2021). Similarly, the IFJ receives afferent connections and sends feedback to regions across
the ventral stream to efficiently bias non-spatial (feature- and object-based) selection and
working memory (Baldauf & Desimone, 2014; Zanto et al., 2011; Zhang et al., 2018). These
connectivity patterns suggest a simple yet important principle in how the attention networks
may be organized, that is, in a domain-specific manner. In the spatial domain, it is well
established that spatial maps are encoded by each region at the neural population level
(Dumoulin & Wandell, 2007; Sprague & Serences, 2013). These topographic maps are
present throughout the visual hierarchy, culminating in the PFC where they overlap with the
FEF (Kastner et al., 2007; Mackey et al., 2017). Adjacent topographic representations of the
visual field have been shown to be structurally and functionally wired across several regions
in the visual and parietal cortex (Greenberg et al., 2012; Heinzle et al., 2011; Mohavedian
Attar et al., 2020). Recently, preferential connectivity between the far-peripheral and the
central visual field representation has been uncovered in frontal regions and V1 combining a
dMRI and resting-state fMRI structural and functional connectivity analysis using HCP data
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(Sims et al., 2021). These patterns of preferential connectivity between topographically
similar representations of the visual field may provide a computationally efficient mechanism
for top-down spatial selection (Jbabdi et al., 2013b). In the case of non-spatial mechanisms, it
is arguably much more difficult to pinpoint a structure of this kind. Comparative studies have
however begun to elucidate the organization of the ventro-lateral PFC in the form of selective
cortical patches (e.g., face patches; Haile et al., 2019; Tsao et al., 2008). We suggest that in
principle this form of organization could provide a similar substrate of preferential
connectivity across different stimuli in feature and object space (Chang et al., 2017; Haile et
al., 2019; Lafer-Souza et al., 2016). In conclusion, in this study, we uncovered the patterns of
structural connectivity of the FEF and the IFJ with the dorsal and ventral visual streams.
These regions have been implicated in several functions including attention, working memory
and cognitive control. By combining an ALE fMRI meta-analysis with surface-based
tractography, we revealed that these orchestrating functions may be ultimately grounded in
their structural connectivity fingerprints (Osher et al., 2016; Passingham et al., 2002).
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In this dissertation, I aimed at characterizing the connectivity fingerprints of the
Frontal Eye Field (FEF) and the Inferior Frontal Junction (IFJ) to uncover how they may
contribute to their specialized roles within the prefrontal cortex (PFC). In particular, my main
goal was to investigate dissociations between these two regions based on the general idea of a
dorso-ventral gradient organization in the posterior-lateral PFC, according to which dorsal
regions would be specialized for spatial processing, and ventral regions would be specialized
for non-spatial processing. Therefore, I tried to infer the most consistent localization of these
regions in standard space via a coordinate-based meta-analysis, and by using this information,
to map their coactivation patterns and structural connectivity fingerprints with the posterior
dorsal and ventral visual streams. I will review the main findings presented in the previous
chapters below, discuss their theoretical implications for understanding the function of the
PFC and its associated networks, and present some potentially interesting avenues for future
research.

5.1 | SUMMARY OF THE FINDINGS

I started by carrying out a comprehensive review of the literature on the structure,
function and connectivity of the FEF and the IFJ, two crucial control structures localized in
the posterior-lateral PFC (chapter 2). This review was primarily focused on neuroimaging
studies in humans but also drew heavily from decades of prior comparative research in
non-human primates, which provided a clear theoretical framework for understanding the
functional organization of the PFC (Chafee & Heilbronner, 2022; Fuster, 2001;
Goldman-Rakic, 1996; Martinez-Trujillo, 2022). Briefly, my review highlighted several key
similarities and differences between the FEF and IFJ: 1. Both regions are characterized by a
dysgranular architecture (i.e., by a weakly developed layer IV); 2. The localization of both
regions is tightly linked to specific anatomical landmarks, namely the junction of the superior
frontal sulcus (SFS) and the superior precentral sulcus (sPCS) for the FEF, and the junction of
the inferior frontal sulcus (IFS) and the inferior precentral sulcus (iPCS) for the IFJ; 3. Their
activity is driven by visual stimulation, but only the FEF seems to be topographically
organized, as shown by fMRI retinotopic mapping studies; 4. Both regions are involved in
top-down attention, but the IFJ is also involved in tasks where there are strong bottom-up
components; 5. A dissociation in the functions of the FEF and IFJ based on the relative
predominance in mediating spatial vs non-spatial (feature- and object-based) attention and
working memory, and finally; 6. The inclusion of the IFJ in the core of the multiple demand
system. This review allowed me to identify some of the most important open questions
regarding the role of these regions, among which I pursued what in my opinion were the most
urgent ones, which are at the core of this dissertation. While as introduced in point 2, the FEF
and IFJ seemed to be tied to specific anatomical landmarks, in that chapter a preliminary
analysis of the coordinates reported across different studies and meta-analyses revealed the
presence of a substantial variability, particularly along the sagittal plane. This further
motivated the need to perform a systematic reanalysis of the fMRI literature to accurately
infer the localization of these regions in stereotaxic space. This research goal was attained in
chapter 3 via a coordinate-based meta-analysis by using the activation likelihood estimation
(ALE) technique, which allows modeling the convergence of the activations reported across
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studies (and groups of individuals). For this analysis, I included only well-validated localizer
paradigms and tasks that reliably engage these regions. Prosaccade and antisaccade
paradigms were included in the FEF meta-analysis sample, and oddball/attention, working
memory, task-switching and Stroop paradigms were included in the IFJ meta-analysis
sample. This enabled me to further substantiate the relationship of the FEF and the IFJ with
the sulcal landmarks described previously (SFS, sPCS, IFS, iPCS) and derive their
localization using their ALE peaks as a proxy within the respective clusters of activation.
Although our results were generally consistent with previous evidence, we also highlighted
some discrepancies with previous meta-analyses, both in terms of their methodology and
results and the taxonomy of regions proposed in the multimodal parcellation (MMP1) by
Glasser et al. (2016). Next, by using these ALE coordinates as seeds I performed a
meta-analytic connectivity modeling analysis to uncover their whole-brain coactivations
patterns in a fully data-driven fashion. The results revealed the broad and systematic
coactivation patterns of the FEF and IFJ with other frontal, parietal and temporal regions, and
allowed me to decode the behavioral domains associated with them via a reverse inference. In
chapter 4, I leveraged the unprecedented data quality of the Human Connectome Project to
carry out the analysis of the structural connectivity of the FEF and IFJ using the 3T diffusion
MRI data (Sotiropoulos et al., 2013) from 56 healthy subjects. I combined a surface-based
probabilistic tractography analysis with the virtual dissection of the white matter bundles
connecting the FEF and IFJ to the posterior parietal and temporal cortices. Contrasting the
connectivity likelihood of the FEF and IFJ with the dorsal and ventral visual streams
parcellated using the MMP1 revealed a higher connectivity likelihood of the FEF with dorsal
stream regions compared with the IFJ (which was best supported in the left hemisphere), and
vice versa a higher connectivity likelihood of the IFJ with ventral stream regions compared
with the FEF. These results were complemented by the analysis of the cortical terminations of
the superior longitudinal fasciculus (SLF), which implicated two of its branches (the SLF1
and SLF3) in providing segregated routes of communication between the FEF and IFJ to the
superior and inferior parietal lobule, respectively.

5.2 | IMPLICATIONS FOR UNDERSTANDING THE ORGANIZATION OF THE
PREFRONTAL CORTEX

The structure of executive control in the PFC has often been conceptualized as an
entangled unit given that some regions can respond to different manipulations at the same
time, while flexibly varying their responses to each based on the experimental context
(Duncan, 2010; Miller & Cohen, 2001). The emergence of multivariate techniques to analyze
neuroimaging data (MVPA; Haynes & Rees, 2005; Kamitani & Tong, 2005), and the
contributions of non-invasive approaches to investigate brain connectivity (Jbabdi et al.,
2015; Sporns et al., 2005) have however allowed researchers to increasingly probe this
structure and uncover specializations within the PFC over the past two decades. Taken
together, the results I presented in this dissertation support the idea that the functional
specialization of the FEF and IFJ critically depends on their connectivity patterns (Osher et
al., 2016; Passingham et al., 2002; Saygin et al., 2012). In particular, my results suggest that
similar to the macaque (Costantinidis & Qi, 2018; Wilson et al., 1993), the two visual stream
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architecture extends into the human PFC, and they highlight a dorso-ventral gradient
organization in the posterior-lateral PFC (O’Reilly, 2010). These results fit well with ongoing
trends in the fMRI literature which pursue the careful mapping of prefrontal networks at the
individual subject level. The study by Michalka et al. (2015) identified visually and auditory
biased regions in the posterior-lateral PFC using attention and change detection tasks
followed by their resting-state fMRI analysis. Recently, Lefco et al. (2020) capitalized on a
similar approach and used resting-state fMRI to investigate the detailed intrinsic connectivity
patterns of the frontoparietal network (FPN), which included the dorsal attention network
(DAN; Corbetta & Shulman, 2002) and the cognitive control network (CCN; Cole &
Schneider, 2007). The authors defined three prefrontal ROIs corresponding to the sPCS, the
iPCS and the mid-IFS using the contrast between 2-back visual vs auditory working memory
blocks. They then investigated the fine-grained connectivity patterns of these regions with
retinotopic regions in the posterior parietal cortex (PPC) and computed difference maps
between each ROI and the remaining ROI pairs. Importantly, the intrinsic connectivity
patterns of the iPCS and sPCS regions (which seem to correspond well to the IFJ and FEF)
were increased with PPC regions that represented the central vs the peripheral visual field,
respectively. In the PPC, these formed an ordered dorso-medial to ventro-lateral gradient.
Overall, these and previous other studies (Mackey et al., 2017; Noyce et al., 2017; Tobyne et
al., 2017) strongly suggest the presence of robust sensory biases in the PFC, which in turn
depend on the underlying connectivity patterns with posterior cortices that constrain the
information that each region receives and sends in the form of feedback signals (Passingham
& Lau, 2022). In this context, I shall emphasize that the hypothesis of specialized and
multiple demand regions in the PFC need not be mutually exclusive. In line with this idea,
using improved data alignment between subjects and surface-based methods, Assem et al.
(2021) found that multiple demand regions lie side by side with these sensory-biased
specialized modules (Tobyne et al., 2017). The authors hypothesize that these modules are
positioned to feed modality-specific information to adjacent multiple demand regions, thus
being critical to enabling their integrative function (Assem et al., 2021). The results presented
in this dissertation similarly leverage surface-based methods for atlas registration and
tractography analysis, and contribute to highlighting the FEF and IFJ as specialized
components of this complex mosaic organization.

5.3 | THE ROLE OF THE WHITE MATTER IN LARGE-SCALE BRAIN
NETWORKS

Our current understanding of the organization of the brain in large-scale networks
mostly derives from fMRI (Ji et al., 2019; Yeo et al., 2011). The activations measured in
different tasks with fMRI are often recapitulated in stable resting-state fMRI patterns (Fox et
al., 2006; Vincent et al., 2008), which are captured by computing correlations between voxels
or regions, and clustering and other techniques may be then applied to delineate segregated
whole-brain networks (Yeo et al., 2011). Of interest here, albeit with some notable differences
in the specific terminology adopted by different research groups (Uddin et al., 2019), the FEF
and IFJ have been often implicated in distinct networks. The FEF has been implicated in the
DAN (Corbetta & Shulman, 2002; Fox et al., 2006) or cingulo-opercular network more
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recently (Ji et al., 2019). The IFJ has instead been implicated in the CCN (Cole & Schneider,
2007), the FPN and language networks (Ji et al., 2019), or more rarely the DAN. While these
network taxonomies may be clearly useful for understanding broad interactions between
regions at the systems level, they seem to oversimplify the role of prefrontal regions, which
may participate in several networks depending on the experimental context. This was
exemplified in the results I presented in chapter 3 (see the meta-analytic connectivity
modeling results), where the coactivations of the FEF and IFJ resembled specific resting-state
networks in terms of their topographies (the DAN for the FEF, and the CCN for the IFJ), but
revealed reliable associations with far more behavioral domains than what would be assumed
based on these simplified taxonomies. At the same time, it should be noted that canonical
resting-state networks may not be necessarily grounded in the structural connectivity patterns
between their nodes, as the correlations between their activity may be driven by direct and/or
indirect (i.e., monosynaptic or polysynaptic) connections (Jbabdi et al., 2015). Although these
aspects (structural and functional connectivity) often go hand in hand (Vincent et al., 2007),
studies in humans have often presupposed this link without explicitly comparing the two.
With regards to the attention networks for example (i.e., DAN and VAN; Corbetta &
Shulman, 2002), examining the white matter architecture seems to provide a more accurate
and complete picture of their organization. I discussed the study by Sani et al. (2021) in
chapter 4, which reported evidence of posterior-temporal node (phPIT) interconnected with
FEF and LIP that encodes attentional priority, as shown by the fact that it wasn’t tuned for
any particular visual feature. That study seems to suggest that the attentional control
architecture may be even more distributed than what is currently thought (Fiebelkorn &
Kastner, 2020), and tractography played a decisive role in that discovery. A similar
structural/functional approach was adopted in the study by Alves et al. (2022), where the
authors investigated the subcortical architecture of the DAN and VAN. By combining the
analysis of resting-state fMRI data of seed regions derived from an fMRI parcellation
(Gordon et al., 2016), with the analysis of their structural connectivity using dMRI, the
authors were able to elucidate the organization of the DAN and VAN in subcortical nuclei,
and the structural connectivity between their cortical and subcortical nodes. The structural
connectivity between DAN cortical nodes was mediated by the SLF1, whereas vice versa the
SLF3 mediated the connectivity between the VAN nodes. These results are consistent with
those reported in chapter 4 in the virtual dissection approach, which established a link
between the cortical projections of the SLF1 to the FEF and of the SLF3 to the IFJ. Moving
past the top-down vs bottom-up attention dichotomy that is associated with the DAN and
VAN resting-state parcellation however, the results presented in this dissertation raise the
question of whether the attention networks may be also organized according to the visual
stimuli domains (spatial, non-spatial) rather than having a domain-general and
feature-agnostic organization. Such a hypothesis could pave the way to further fractionate
these networks (Liu & Hou, 2013; Markett et al., 2021; Rajan et al., 2021) and may in turn
impact our current understanding of the mechanisms of visual attention and working memory.
From a strictly biophysical perspective, large and strongly myelinated white matter bundles
should allow reliable transmission (i.e., with fixed conduction times) of signals from
prefrontal to posterior regions and vice versa (de Schotten & Forkel, 2022), thus providing a
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structural scaffold for electrical signals to propagate by means of coherent neural oscillations
(Fries, 2015). These signals may be important to bias visual processing online (in visual
selection; Baldauf & Desimone, 2014), or offline, by sustaining sensory representations in
posterior visual cortices (in working memory; Serences, 2016). Effects of such kind have
started to be elucidated in detail in the macaque brain, where functional connectivity,
coherence and Granger causality in different frequency bands have been related to the
connectivity between regions as their anatomical backbone (Vezoli et al., 2021). The present
dissertation doesn’t provide such evidence in humans, and the goal of future studies should
be to address these correlations between structural and functional connectivity by
simultaneous analysis of multiple modalities (dMRI, fMRI, MEG) and non-invasive
stimulation approaches (TMS-fMRI, TMS-EEG). I will try to outline other interesting future
directions in the last section of this dissertation.

5.4 | FUTURE DIRECTIONS

As I have underlined throughout my dissertation, the concept of connectivity
fingerprints is of paramount importance to understanding functional specialization within the
PFC (Passingham & Lau, 2022). While the results presented in chapters 3 and 4 offer critical
evidence in this direction, they don’t explicitly accomplish such a link experimentally. I
suggest that ultimately, a powerful benchmark to evaluate the hypothesis that the functions of
FEF and IFJ are constrained by their connectivity fingerprints is afforded by the possibility of
using these to predict their localization in new subjects (Cole et al., 2016; Osher et al., 2016;
Saygin et al., 2012; Tavor et al., 2016). More specifically, these connectivity fingerprints may
be inferred using dMRI, fMRI and source-reconstructed MEG data, and used to identify
groups of voxels/vertices that show similar profiles using a cross-validation approach.
Finally, running fMRI localizer tasks, such as the ones described in chapter 3, should provide
an unbiased way of comparing the predicted vs actual localization of these regions. This
approach has already been successfully implemented by Osher and colleagues (2019) to
predict activity within the DAN by using each subject’s whole-brain resting-state fMRI
patterns. A change detection task was used to inclusively mask all the regions from the
MMP1 that were activated across every subject to form their DAN search space. Then, the
authors computed the functional connectivity of each node with all the other regions of the
MMP1 (the target space) and used these patterns to predict activity in a leave-one-subject-out
approach. They showed that the model predicting activity using each subject's own functional
fingerprint outperforms in accuracy a group-level and other subjects' connectivity models.
Interestingly, the most informative prefrontal nodes in this study included the FEF and IFJ,
which were shown to be strong predictors of activity in the parietal cortex. Conversely, it was
also shown that retinotopic regions from the dorsal visual stream and posterior temporal
regions from the ventral visual stream were the strongest predictors of prefrontal activations,
which supports the idea that regions that are coactive during the task (even outside the DAN)
are also the most predictive of activity within the DAN (Osher et al., 2019). These results
open up the possibility of investigating the structural connectivity between these sets of
regions to see whether they lead to similar predictive power in localizing DAN activations, as
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shown in previous studies in extrastriate visual regions (Osher et al., 2016; Saygin et al.,
2012).

A fundamental inspiration for this dissertation came from the studies that, thanks to
tracer injections, carefully mapped the connections between the macaque PFC and posterior
regions (Yeterian et al., 2012). In parallel to this, neurophysiological studies were also
instrumental in refining the model of PFC function in the macaque (Martinez-Trujillo, 2022).
Bichot et al. (2015, 2019) systematically inactivated the ventral pre-arcuate region (VPA) and
assessed the effects on behavior in a visual search task. VPA inactivation abolished the
behavioral advantages and neural effects associated with feature-based attention in FEF and
the inferior temporal cortex (Bichot et al., 2015) as well as V4 (Bichot et al., 2019). The
authors suggested that the VPA may therefore represent a potential homolog of the human IFJ
(Bichot et al., 2015). The problem of identifying homologies between species has become a
hot topic in recent years, potentially due to the increase in the animal models investigated
(Carlén, 2017), but also more importantly thanks to the availability of data from the same
modality (MRI) across species (Mars et al., 2021; Neubert et al., 2014; Sallet et al., 2013).
Using this data, it becomes possible to identify those homologies through an approach named
connectivity blueprint matching (Mars et al., 2018b), which enables ‘horizontal translations’
across species (in this case, the macaque and the human PFC; Mars et al., 2021). This
technique works by establishing the similarity of the connectivity profile of specific vertices
by looking at the cortical terminations of white matter bundles that are present in both
species. If a region receives the same bundle terminations, its organization is deemed
evolutionarily preserved across species. Otherwise, if highly dissimilar, the region may have
undergone some substantial changes in its connectivity that are not explained by simple
expansion in size (Mars et al., 2018b). In principle therefore, by comparing the connectivity
fingerprints of the IFJ with that of the VPA, and other surrounding areas in the macaque, one
could be able to objectively assess what would be the most likely homolog of this area. This
could be done either by matching their connectivity fingerprint with known homolog target
regions (similar to Neubert et al., 2014, and Sallet et al., 2013), or by using the connectivity
blueprint matching technique to evaluate whether the human ventro-lateral PFC underwent
significant reorganization and relocation, or simple expansion in size.

Finally, moving beyond connectivity, the results I presented offer some ideas for
interpreting the nature of the attentional template (Desimone & Duncan, 1995). In brief, how
is a behaviorally relevant stimulus represented in the PFC? Some studies argue for a format
that is still sensory in nature, while others suggest a more abstract representational format
(reviewed in Christophel et al., 2017). This question is not only crucial for theories of
attentional control but has implications for models of how the task set is implemented in the
brain (Dosenbach et al., 2006; Muhle-Karbe et al., 2017). In this dissertation, I partly leaned
on the interpretation that FEF and IFJ encode representations in a way that still carries some
sensory information (although dissociated along the spatial and non-spatial domains), based
on the divergence in their structural connections presented in chapter 4. In chapter 2 however,
I also hypothesized that since the IFJ can operate at the object-based level (Baldauf &
Desimone, 2014), its representations could be encoded at a more abstract level than FEF.
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Recent work on neural coding in the macaque PFC indicated that for complex tasks some
neural populations exhibit forms of mixed selectivity (Rigotti et al., 2013). In other words,
they are able to encode multiple task-relevant properties at the same time. Single-unit and
local field potential data suggest that orthogonal coding between stimuli dimensions may be
advantageous as these neurons are able to maximize discriminability between overlapping
task sets and facilitate readout by other neural populations (see Fusi et al., 2016 for a
discussion). From this point of view, MVPA is a tool that can help disentangle different
representational formats. I am excited about the opportunity to investigate whether decoding
and computational modeling techniques (MVPA, and inverted encoding models) would
support the idea of dissociation in spatial vs non-spatial control by collecting fMRI data using
a working memory task during my visit to the University of California San Diego, where I’m
presently writing this dissertation and working in the final months of my PhD.
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APPENDIX A

Tables 1 and 2 summarize the information on the subsample of studies used to carry out the
ALE meta-analysis to infer the localization of the FEF and IFJ used in the surface-based
probabilistic tractography analysis presented in chapter 4.
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APPENDIX B

Reproducible workflow HCP-MEG subjects - CIMeC Think Open initiative

Introduction: The MEG community has witnessed a rise in interest in implementing
standard and reproducible pipelines for data analysis (Gross et al., 2013; Jas et al., 2018; Niso
et al., 2018). Recently, increasing efforts have been put forward by the core developers of the
main software tools available (Brainstorm, Fieldtrip, and MNE-Python) to implement and
enable robust and efficient compliance with those guidelines.

Main objectives: The aim of this project was to prepare the MEG data from the HCP-MEG
subjects (Larson-Prior et al., 2013; HCP_dataset) in a reproducible way to enable subsequent
analyses using open-source software. First, the MEG data was converted into a format
compatible with MNE-Python (v1.0.2; Gramfort et al., 2013). The next goals were to
organize the data in the BIDS standard, validate this process, and use scripting tools to
automatically query the dataset based on demographic information stored as file meta-data
(as the sample includes 68 twins). This opens up the possibility of investigating the role of
genetic contributions to resting-state connectivity patterns (for example, see Haak &
Beckmann 2019). Another use case would be randomizing sample selection to exclude
potential genetic confounds, as I for example did in chapter 4.

Technical implementation: I used Datalad (Halchenko et al., 2021) to access the HCP-MEG
dataset from the command line through an Amazon Web Services account (see Figure 1 for
an overview). Datalad leverages git-annex, a version control tool, to download an exact and
synchronized copy of this dataset. Next, I created a conda virtual environment where I
installed all the Python packages and dependencies required: first, MNE-HCP to convert the
files into an MNE compatible format, second, MNE-BIDS (Appelhoff et al., 2019) to
‘BIDS-ify’ the data, and finally PyBIDS to query and manipulate the dataset.

Results: Although some of the MNE-Python modules employed are no longer maintained,
and can be therefore at first challenging to work with, overall the integration of the
computational tools reported provides an effective way to interact with the HCP-MEG data.
This project offers an example of a fully reproducible and version-controlled workflow for
the HCP-MEG data, from downloading, preparing, and analyzing this dataset potentially all
the way to storing the results and code in a public repository.

Period of project implementation: from February 2021 to May 2021
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FIGURE 1 Overview of the HCP-MEG subject reproducible workflow

Links to the software and tools used for this project:

Datalad: https://bit.ly/3SQZQcX;

MNE-Python: https://bit.ly/3SMf96L;

MNE-HCP: https://bit.ly/3Rv0A6L;

MNE-BIDS: https://bit.ly/3E7UiXs;

PyBIDS: https://bit.ly/3SvKxXp.

I credit all the developers of these free and open source software, tools, and projects.
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